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Abstract
This research investigates the effects of spacing and arrangement of
cross frames on the economy (minimum weight) of composite high performance
steel (HPS) I-girder bridges.
Increased cross frame spacing improves the economy of HPS I-girder
bridge. However, increased cross frame spacing makes the lateral torsional
buckling (LT8) limit state potential more critical under construction· conditions
before the I-girders are composite with the concrete bridge deck:
Design studies were conducted focusing on a prototype single span
.simply supported composite HPS I-girder bridge. The design of the I-girders
considered strength, service, construction, and fatigue limit states. Changes in
the weight of the I-girders with changes in spacing and arrangement of the cross
frames, were determined from the design studies.
Finite element models for simulating lateral torsional buckling behavior of
the I-girders during construction were developed. The results from analysis of the
models were used to verify equations used to calculate buckling capacities in
design studies.
The results of design studies show that I-girder weight increases as the
number of cross frames decreases. An arrangement of cross frames with larger
spacing between the first intermediate and the end cross frames result in lighter
weight I-girders because this arrangement of cross frames exploits the moment
gradient effect. The results of the finite element analyses show that FEM models
,
can be used to predict the.LT8 capacity of HPS I-girders. The results compare
1
,favorably theoretical solutions, Also, the design equations were shown' to be
conservative by the finite element analysis results.
2
1. Introduction
Cross-frames and diaphragms are used in bridges to brace girders and
stringers. Intermediate c7;ss frames of composite steel I-girder bridges serve'
several functions. The most significant function is stabilizing the compression
flanges of the I-girders. Current design practice for steel bridges usually makes
use of composite construction in which the concrete slab will provide continuous
lateral bracing to the top flange of the I-girders in the completed bridge. In this
case, cross frame stabilize the top flange in the positive moment regions of the 1-
girders, during con~truction before composite conditions exist; and cross frames
stabilize the bottom flange in the negative moment regions of continuous-span 1-
girders under all conditions.
In conventional steel I-girder bridges, cross frame are spaced no more
than 7.62 m [25 tt] apart. This maximum cross frame spacing was specified in the
AASHTO Standard Specifications for Highway Bridges (AASHTO 1989). This
maximum cross frame spacing limit can result in unnecessary cross frames. The
current AASHTO LRFD Bridge Design Specifications (199a) permit the bridge
- en-gineer to cnoos-e-cnYss- frame-spacing-greater-than~7-;62-m-[25-ft-;-]--·~ .----. ----_
Cr~ss frames are significant cost items, because of the labor cost
. associated with fabrication and erection. Reducing the number of cross frames
improves the economy of I-girder bridges. When the number of cross frame~ is
reduced (i.e., increasing the unbraced lengths in the I-girder), lateral torsional
buckling (LT8) become more critical and may control the design of the I-girders.
For simPle span composite steel I-girder bridges, the only critical stage for lateral
torsional buckling girders is during construction, before the top flange is
composite with the concrete deck.
1.1 Objectives
The objectives of this research are:
(1) To examine the effects of spacing and arrangement of cross frames on the
economy (minim~m weight) of high performance steel (HPS) I-girder bridges.
(2) To investigate lateral torsional buckling (LT8) behavior of composite HPS 1-
girders bridge under construction conditions before the concrete deck cures.
(3) To study the effects of load height, bending moment variation, and transverse
stiffeners on the LT8 capacity of HPS I-girders
1.2 Scope
A series of design studies were conducted focusing on a prototype single
span simply supported composite steel I-girder bridge. The bridge span is 60 m
(196.85 ft). The I-girders are designed using HPS 70W steel according to the
AAStlTO LRFD_8ridge Design Specifications (~SHTO 1998). The I-girder
---~-~._~-
design considered strength, service, construction, and fatigue limit states. The
/
weight of the I-girders was determined for different variations of the spacing and
arrangement of cross frames.
Finite element models are developed to verify the equations (formulas)
used in the design studies to calculate the LT8 capacities and to analyze the LT8
4
behavior of the I-girders under uniform loading conditions similar to those that
occur during construction.
The LTB capacities determined from' the finite element models and
capacities determined from lateral torsional buckling equations used in the
design are made. In particular, the results from the FEM models are compared
with results from: (1) AASHTO LRFD design equations; (2) AISC LRFD design
equations; and (3) a theoretic91 equation.
1.3 Outline of Thesis
This thesis is organized as follows. Background on the lateral torsional
buckling of bridge I-girders is revi~wed in Chapter 2. Chapter 3 reviews
background for the design studies, including the prototype bridge, and the design
and analysis approach. Chapter 4 presents the design studies_of the influence of
the arrangement of cross frames on the design of I-girders for the prototype
bridge. Chapter 5 discusses the development of finite element models to stUdy
. /
the lateral torsional buckling behavior of I-girders. Chapter 6 provides finite
element analysis results and compares the finite element analysis results with
'---"-- -~-._--~-----~-_.
the results from buckling equations used in the design studies. Chapter 7
summarizes the results, and provides conclusions.
5
2. Background
2.1 Introduction
American Association of State Highway and Transportation Officials
(AASHTO) LRFD Bridge Design Specifications (1998) requires that steel 1-
girders, which are composite in the final condition, but are non-composite during
construction, be investigated for strength and stability during construction. For
positive moment regions of a composite steel I-girder bridge, the I-girders are
braced by the composite deck in the final condition. During construction, the 1-
girders are braced by cross frames. During placement of the c~ncrete deck, 1-
girders are susceptible to lateral torsional buckling over the unbraced lengths
between cross frames,
Figure 2.1 shows three buckling modes of I-girders subjected to bending:
(1) local buckling (LB); (2) lateral torsional buckling (LTB); and (3) lateral
distortional buckling (LDB). The controlling buckling mode is determined by the.
web slenderness, the flange slenderness, and lateral slenderness.
An I-girder with a slender web, and a slender compression flange and is
well braCed (not later§Jly~ender)j~Jikely_to_b_uckLejn-aJocaLbuckling-(lg)-meEie-. - ----..~
An I-girder with a stocky web, and a stocky compression flange and that is
laterally slender (with long unbraced lengths) is likely to buckle in a lateral
torsional buckling (LTB) mode. An I-girder with a slender web and stocky flanges
and that is laterally slender is likely to buckle in a lateral distortional buckling
(LDB) mode. When an I-girder buckles in a lateral distortional mode, its web
distorts so that the compression flange may have increased lateral displacement,
6
UT, and may have a twist rotation ( <l>T ) different than that of the tension flange
(<I>s), as shown in Figure 2.1. The web distortion and unequal flange twist
J
rotations may reduce the torsional and warping rigidities of the cross section, and
consequently reduce the resistance of the I-girder to lateral torsional buckling.
Figure 2.1 shows, in more detail, the lateral displacement and twisting
involved in lateral torsional buckling. Open section members, which have low out-
of-plane flexural rigidities and low torsional and warping rigidities, are susceptible
to this mode of failure, especially when there is in~ufficient lateral bracing.
This chapter provides an introduction to lateral torsional buckling of
monosymmetric I-girders. The buckling analysis of monosymmetric I-girders is
discussed in Section 2.2. Modification factors for moment gradient, load height
effects and intermediate restraints are discussed in Sections 2.3, 2.4, and 2.5
respectively. Section 2.6 discusses the effect of bracing stiffness on the buckling
capacity. The structural significance of intermediate cross frames is discussed in
Section 2.7. Section 2.8 discusses the effect of stiffening devices such as
transverse stiffeners on lateral torsional buckling capacity. Section 2.9 presents
other relevant research.
2.2 Elastic Buckling of Monosymmetric I-Girders
The differential equations governing minor axis lateral bending and torsion
of a monosymmetric I-girder are:
EI uiv + M cD" +2M'¢' =0y x x
7
Equation 2.1
EI cD iv - (GJ +M ~ )cD" - M' ~ cD' +M u" =0w xt-'x xt-'x x Equation 2.2
where, E is the elastic modulus, Iy is the minor axis moment of inertia, Iw, is the
warping constant, G is the shear modulus, J is the St. Venant torsional.
constant, Mx is the major axis moment, and ~x is the monosymmetry property. ,
The angle of twist is cD. Figure 2.2 shows the vertical deflection, v, lateral
deflection, u. The load is assumed to be applied in the direction of the vertical
axis, y. For monosymmetric I-girders, the shear center, S, and the centroid, C, do
not coincide. The distance from the cetroid to the shear center (shear center
coordinate) is Yo'
Kitipornchai and Trahair (1980) investigated the elastic buckling of simply
supported monosymmetric I-beams under a moment gradient. Kitipornchai and
Trahair (1980) showed that when a monosymmetric I-beam twists during
buckling, the longitudinal bending stresses exert a torque about the axis of twist
-
of the beam. The action of the torque can be thought of as changing the effective
torsional rigidity of the section from GJ to.( GJ +Mx~x)' This effect is referred to
--as the Wagnereffect.-For-doubly--symmetri~--I-beams-,the-tensile~and-·-------
compressive bending stresses are equal, and ~x is zero. In monosymmetric 1-
beams, however, there is an imbalance which is dominated by the stresses in the
smaller flange which is further from the shear center. Thus, when the smaller
flange is in compression there is a reduction in the effective torsional rigidity (the
term Mx~x is negative), and the resistance to buckling is decreased. The opposite
8
is true (Mx~x is positive) when the smaller flange is in tension, and the resistance
to buckling is increased.
It is important to note that the derivation of Equations 2.1 and 2.2 is based
on the following assumptions: (1) the I-girder cross section is a thin wall, open
section; (2) the I-girder is perfectly straight, and has no initial twist; (3) the cross
section is constant along the length; (4) the cross section retains its shape; and
(5) the external loads applied at the ends of the member.
For monosymmetric I,.girders wlJ-ere bending is in the plane of symmetry,
the moment causing the initiation of lateral torsional buckling of an unbraced
segment loaded by unequal end moments is giving by the following general
formula (Galambos, 1968):
f
Equation 2.3
)
where, Cb is the moment gradient factor to account for the variation of the
moment in the unbraced segment, and ky and kz are the effective length factors
lateral torsional boundary condition factors. For simply supported boundary
condition, ky =kz =1.0. Values of kyand k z for many combinations of end
restraint are given by Vlasov (1961). The general expression for the
monosymmetry property ~x is as follows:
Equation 2.4
9
wheTe, Ix is the major axis moment of inertia, x and y' are coordinates with
respect to the .centroid (Figure 2.2), and integration is over the whole sectional
area A. The evaluation of ~x using Equation 2.4 can be complicated.
Kitipornchai and Trahair (1980) showed that a simpler and sufficiently accurate
form of Equation 2.4 for monosymmetricl-girqers is given by:
21 [I]~x =0.9d(~-1) 1-(-~-Y
Iy Ix
Equation 2.5
where, d is the distance between the centroids of the two flanges, lye is the
minor axis moment of inertia of the compression flange, and Iy is the minor axis
moment of inertia of the whole cross section. In cases when ky =kz =k,
Equation 2.3 can be written as follows {Trahair, 1977):
where:
B ~ lT~, ~Ely
1 2(kL) GJ
Equation 2.6
Equation 2.680
------13
2 Eq tlation--.2~6b--
I
-0.1 ~ ~ ~ 0.9 Equation 2.6eI .
y
10
Equation 2.6c
Equation 2.6d
)Figure 2.3 shows that hypothetical bending moment versus vertical
deflection curves for I-girders (Galambos, 1968). Curve 3 represents the case
. where lateral torsional buckling or local buckling limits the load carrying capacity
while the girder is in the elastic range. Elastic buckling occurs while the entire
cross section is in the elastic range. Curve 2 represents the case where inelastic
lateral torsional or local buckling limits the load carrying capacity. The inelastic
buckling occurs after a portion of the girder cross section is yielded. Curve 1
represents the case where buckling occurs after the cross section is fUlly yielded.
Figure 2.4 shows the moment capacity, Mn , of an I-girder versus the
unbraced length, Lb' Region 1 represents the case where the unbraced length is
relatively short. The I-girder is able to reach the full moment capacity of the cross
section, Mp. Region 3 represents the cases where the unbraced length is
relatively long and the I-girder moment capacity is controlled by elastic lateral
torsional buckling. Region 2 represents the case where the I-girder moment
capacity is controlled by inelastic lateral torsional buckling. Lp and Lr shown in
Figure 2.4 are the limiting unbraced length for full plastic bending capacity and
Inelastic Iaterallorsiol1al oLfcRlingrespectively.
2.3 Moment Gradient Factor for Monosymmetric I-Girders
Most design specifications include formulas for lateral torsional buckling
resistance that were derived assuming uniform moment over the unbrace~
length. A moment gradient factor, Cb I is typically applied in these formulas to
11
account for the effects of variations in moment alol1g the unbraced I-girder
length. Various formulas have been proposed for the moment gradient factor,
Cb . Commonly accepted formulas are the following:
Cb =1.75 + 1.05K + O.3K
2
::; 2.56 Equation 2.7
where, K is the end moment ratio. Figure 2.5 shows an I-girder which is bent by
end moments, M and KM. K is. defined as positive when the end moments
cause double curvature. Equation 2.7 is applicable for problems in which there is
no applied loading between brace points (i.~" when there is a linearly varying
moment between the brace points). Due to this restriction, Equation 2.7 is not
theoretically applicable for many practical problems. Kirby and Nethercot (1979)
presented the following alternative formula for the moment factor, Cb , which
applies to any moment variation (linear and nonlinear) between brace points:
C _ 12.5Mmaxb - 2.5Mmax + 3M A + 4MB + 3Me
Equation 2.8
where, Mmax is the absolute value of the unbraced moment in the unbraced
segment, MA , MB and Me are the absolute value of the moments at the quarter
point, center, and three-quarter point respectively, in the unbraced segment. The
AASHTO LRFD Bridge Design Specifications (1998)inc\ude both Equations 2.7
and 2.8. Figure 2.6 shows that Cb values, calculated from Equation 2.8, are in
good agreement with tabulated values from the Structure Stability Research
Council (SSRC) Guide (1998). It should be noted all calculations of Cb in this
thesis will be made using Equation 2.8.
12
2.4 Effect of Load Height
The buckling resistance of monosymmetric I-girders may be significantly
affected by the distances of the transverse loads that produce the primary
bending from the shear center axis. As indicated in Figure 2.7a, when a
transverse load, P, acts at a location above the shear center, S, the additional
torque about the shear center axis, Paq>, amplifies the twist rotations and
reduces the buckling resistance of the I-girder. When the transverse load acts at
a location below the shear center, it exerts an additional stability torque, Pbq>,
about the shear center axis as indicated in Figure 2.7b. This additional torque
opposes the twist rotation, q>, of the I-girder, and increases the resistance to
buckling.
The SSRC Guide (1998) provides. Cb values for different loading
conditions. Figure 2.6 shows Cb values for doubly symmetric I-girders with
loading at the shear center. The Cb values for a central point load, and a
uniformly distributed load, are 1.35 and 1.12 respectively.
Wang and Kitipornchai (1986) studied monosymmetric I-girders subjected
to transverse loading applied at the shear center as well as the top and bottom
flanges. Figure 2.8 shows that the value of Cb is sensitive to the degree of 1-
girder monosymmetry, p, when the transverse loading applied at the shear
center. For a simply supported I-girder with central point load applied at the shear
center, Cb value varies between 0.9 and 2.1, therefore Wang and Kitipornchai
recommended that traditional Cb values of doubly symmetric I-girders may not
13
be used for monosymmetric I-girders. It should be poi'nted out that for top flange
orbottQIl1 fl~nge loading, the value of Cb is not sensitive to the degree of I-g,irder
monosymmetry, p.
Yura et al. (1997) conducted finite element analyses of lateral torsional
buckling of monosymmetric I-girders subjected to transverse loading applied at
different heights on the cross section. Cb values based on the finite element
results were calculated and compared with traditional Cb for doubly symmetric 1-
girders. The results showed that traditional Cb values can be used for
monosymmetric I-girders if the effects of load height are measured relative to the
midheight of the cross section.
2.5 Effect of End Restraints
End restraints have an effect on elastic lateral torsional buckling strength
of I-girders. Figure 2.9a shows a simply supported end condition, which is one of
the idealized end conditions specified by the SSRC Guide (1998). Because
later?\ torsional buckling involves two displacement components, lateral
displacement, u , and twist rotation, cD, restraint of either displacement component
may increase the I-girder stability.
For simply supported I-girders with unequal intermediate cross frames
spacing, the longest unbraced segment controls the critical buckling moment.
The load corresponding to the smallest of the critical moments calculated for the
unbraced length (assuming simply, supported end conditions for each unbraced
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length) is a conservative lower bound to the elastic buckling load, because
although each unbraced segment is assumed to' be laterally and torsionally
simply supported because the shorter unbraced segments can provide some
restraint to the longer segment.
Accounting for the end restraint provided by the adjacent segments to
the critical segment can substantially increase the buckling load. To analyze the
effects of this restraint, the SSRC Guide (1998) recommends a simple method,
I
which is based on the analogy that the buckling behavior of restrained I-girders is
the same as the behavior of end restrained columns. Thus, the methods used to
calculate effective lengths for nonsway columns (Johnston, 1976) can be used to
obtain the effective unbraced length of an I-girder segment.
2.6 Effect of Bracing Stiffness
Intermediate restraints are provided by bracing, which may be elastic or
effectively rigid. An adequate brace must have sufficient strength and stiffness.
Most brace designs for bracing beams and columns are based on the principles
developed by Winter (1958). Winter developed a simple rigid link model with
-._.._--~-
------ ._-.---...._.~.--
fictitious hinges at the brace joints to calculate the brace stiffness and strength
requirements for beams and columns.
When the braces possess a certain minimum stiffness, the buckling then
is forced to occur between braces. Full bracing as defined by Winter (1958) fully
restrains Ia.teral displacement, u, and cross section rotation, <p, and posses this
minimum stiffness.
1Q
Nethercot (1973) conducted a study of brace stiffness and strength
requirements for beams. The results appear to follow the trel1ds suggested by
Winter. The study verified the relationship between the elastic critical load of a
braced beam and the stiffness of the brace. Figure 2.10 by Nethercot (1973)
shows the case of a beam under uniform bending with central brace. With a low
brace stiffness, the beam buckles into a single wave (first mode). As the brace
stiffness increases, the buckling shape changes, when a certain value' of the
brace stiffness, AL , is reached, the critical load is equal to that corresponding to
second mode buckling (two half waves). Further increases in the stiffness do not
produce increases in buckling load.
2.7 Structural Significance of Intermediate Cross Frames
In the design of bridge I-girders, one question is whether or not the beam
is adequately and economically braced against lateral torsional buckling. The
AASHTO LRFD Bridge Design Specifications (1998) state that the need for cross
frames or diaphragms shall be investigated for all stages of construction and for
_____ !':!~ final in-service condition. This investigation includes the folbwin9:_(j_)_t[ansfeL ~
~~
of lateral wind loads from the bottom flange of the girder into the deck and from
the deck to the bearings; (2) stability of the bottom flange when it is in
compression; (3) stability of the top flange in compression before the deck is
cured; and (4) distribution of vertical dead and live loads applied to the structure.
A number of investigations have studied transverse load distribution in
bridges. Zokaie et al. (1991) and Waker (1987) studied the effects of diaphragms
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on transverse load distribution and determined that the deck was primarily
responsible for transverse load distribution in mUltigirder composite steel bridges.
Azizinamini et a!. (1994) tested a simple span bridge plate .girder and concluded
that X-type and K-type cross frames have minimal effect on load distribution.
Stallings et a!. (1999) performed field tests on a three-span continuous
multigirder bridge with rolled steel girders and rolled channel diaphragms to
evaluate the effects of the diaphragms on transverse load distribution. Tests
were performed with all diaphragms in place, and with all interior diaphragms
removed. Comparison of measured and calculated stresses showed that the
conservatism of common design practice is not significantly reduced by removing
diaphragms, and the effects of removing interior diaphragms were judged
insignificant. Merti (1996) investigated and studied the functions of intermediate
cross frames. He concluded that the most significant function is the stabilization
of the compression flanges of the steel I-girders.
2.8 Effect of Torsional Stiffening Devices
The torsional stiffness of an I-girder is improved w~e~its~ros~secJiOl"Lis_
prevented from warping. Stiffening devices, which restrain warping, such as
transverse stiffeners, may exist at many locations in a typical I-girder. According
to Trahair (1974), the primary effect of a transverse stiffener on lateral torsional
buckling behavior is to prevent distortion of the cross section and thus increase
the resistance to warping.
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Transverse stiffeners can increase the torsional stiffness and effectively
increase the capacity of open sections subject to torsional loads. The stiffeners,
which are perpendicular to the web as shown in Figure 2.10, can also serve as
cross frame connections.
2.9 Other Relevant Research
Ellis (1999) investigated the influence of certain I-girders bridge design
parameters, including the number and arrangement of cross frames, the use of
intermediate transverse stiffeners, and the connection details of these stiffeners,
on the weight of composite high performance steel I-girders for bridges.
A series of design studies were performed on a prototype single span,
simply supported composite steel I-girders bridge with a 131 ft. (40 m) span. The
design studies compared the weight of I-girders designed with stocky webs and
no intermediate transverse stiffeners to the weight of I-girders designed with thin
webs and many stiffeners.
Ellis (1999) concluded that rational design of composite high performance
steel I-girders can be--achievedthrough careful Gonsiderationof the trade~offs
between reductions in I-girder weight and reductions in I-girder fabrication effort.
Variations in parameters such as the arrangement of cross frames, the use of
intermediate stiffeners, influence both the weight of steel I-girder bridges and the
effort required to fabricate them.
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3. Design Study Background
3.1 Introduction.'
The design study background is presented in this chapter. The prototype
bridge, AASHTO LRFD Bridge Design Specifications (1998) related to lateral
torsional buckling, and loading conditions considered in the design studi'es are
outlined in this chapter. The design studies follow the AASHTO LRFD Bridge
Design Specifications (1998). Cross section properties were chosen to achieve
minimum weight girder designs, considering commercially available plate
thicknesses and lengths. The design studies are presented in Chapter 4.
This chapter is organized as follows. The prototype bridge is presented in
Section 3.2. The AASHTO LRFD limit states used in the design studies are
discussed in Section 3.3. Loading conditions considered in the design studies are
\
presented in Section 3.4. A review of AASHTO LRFD specifications related to
lateral torsional buckling is presented in Section 3.5. Section 3.6 provides a
review of Load and Resistance Factor Design Specifications (AISC,1995)
considered in the comparison studies presented in Chapter 6.
------------- ------ ------ --
3.2 Prototype Bridge
The design studies focus on a single span composite steel I-girder bridge.
The I-girders are assumed to be made from ASTM A709 HPS 70W, which is high
performance weathering steel with a nominal yield stress of 485 MPa [70 ksi].
The cross fames, connection plates and stiffeners material are assumed to be_
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>( made from conventional weathering steel (ASTM A709 50W) with a nominal yield
stress of 345 MPa [50 ksi].
The prototype bridge has a single, simply supported 60 m [196.85 ft] span.
The typical cross-section of the prototype bridge is shown in Figure 3.1. The
bridge has four straight I-girders spaced at 4 m [13.12 ft] centers with 2 m [6.56
ft] deck overhangs. The bridge width is 16 m [52.50 ft] including two 3.65 m [12 ft]
lanes and two 2.50 m [8.20.ft] shoulders. The parapet and sidewalk combined
are 1.85 m [6.05 ft] wide. The concrete deck is 0.254 m [0.83 ft] thick and is
composed of normal strength concrete with a specified minimum compressive
strength of 28 MPa [4 ksi].
The available plate length for HPS 70W has some restrictions. The
maximum HPS-70W plate length available in the U.S. is 15.2 m [50 ft]
(Bethlehem Steel Corporation 1994), although this limitation is expected to be
eliminated as new, as-rolled HPS 70W becomes available. The prototype I-girder
includes three welded shop splices, and one field splice to meet the 15.2 m
length -limit. Figure-G;2 shows-the locations of shop and field splices of the
prototype I-girder. The splice locations were chosen to 4 help achieve minimum
----~---~-
weight girder designs.
Figure 3.3 shows the prototype bridge framing plan. The abutments are
assumed to be perpendicular to the I-girders (i.e. the bridge has no skew)..Figure
3.3 shows the cross frame arrangement for base case 1, which will be discussed
in Chapter 4.
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3.3 AASHTO LRFD Limit States
Limit states are limits on the capability of the components of a bridge to
adequately resist loads. A limit states design methodology' p'rescribes loading
conditions for various strength and service limit states. The AASHTO LRFD
Bridge Design Specifications (1998) quantifies five strength, and three service
limit states, as well as two extreme event and one fatigue limit state. The
following four limit states are considered in the design studies: (1) the Strength I
'"
limit state, (2) the Service II limit state, (3) the fatigue and fracture limit state, and
(4) the strength I limit state under construction loading conditions. (the
constructibility limit state).
Under the Strength I limit state loading conditions, the bridge must have
adequate strength and stability to resist the prescribed load combinations that
represent the maximum loads the bridge is expected to experience over its
design life. Under the Service II limit state loading conditions, deformation,
stress, and crack width under regular service conditions are controlled to avoid
permanent deformation of the bridge under service conditions. Under the fatigue
and fracture limit state loading conditions, the stress range under service
conditions are specified to control fatigue crack growth under repetitive loa~s and
to prevent fracture during the design life of the bridge. Under the constructibility
limit state, the bridge must be safely erected and have adequate strength and
stability during construction.
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3.4 Loading Conditions
The loads classified by the AASHTO L.RFD Bridge Design Specifications
(1998-) and considered in the design studies are permanent and temporary loads.
Permanent (dead) loads are those loads which remain on the bridge throughout
its service life. Temporary loads are those loads which are placed on the. bridge
for only a short period of time. Live loads (LL) represent the major temporary
loading condition.
The dead loads are divided into two categories: the dead load of the
structural components, 0 , and the dead load of wearing surfaces and utilities,
c
D . Uniform loads used in the design studies to represent D and Dare 29
w c w
kN/m [2 kip/ttl and 7.0 kN/m [0.5 kip/ttl respectively. These are load per length for
one girder.
Live loads acting on highway bridges include trucks, cars, and military
vehicles. For the strength and service limit states, the AASHTO LRFD
Specifications provide three types of vehicular live loads that include a truck load,
a tandem load, and a lane load. Figure 3.4 shows thethree different vehicular
live loads. The plan views of Figure 3.4 show the live loads within a 3.66 m [12 tt]
wide design lane. The elevation views show the live loads at an arbitrary location
in the bridge span.
The design truck HS20-44 consists of a pair of 142.4 kN [32 kips] axle
loads and an 35.6 kN [8 kips] axle load. The design truck has a variable spacing
between the two rear axles, as shown in Figure 3.4a. This distance between
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axles, varies from 4.27 to 9.14 m [14 to 30 tt], to inducethe maximum moment in
the span.
The design tandem is comprisd of two 111.25 kN [25 kips] axles thi=lt are
, ~
spaced 1.22 m [4 tt] apart as shown in Figure 3.4b. The design tandem is an
alternative to the design truck, and it provides highway bridges with the capacity
for certain heavy military vehicles.
The design lane load is a uniformly distributed load, which is applied
along the length of the span to simulate the effects of a train of vehicles over the
bridge span. Figure 3.4c shows the uniform distributed lane load of 9.3 kN [0.640
kip/ttl per lane specified by AASHTO LRFD Specifications.
...
The live load used in design is the larger of the following: (a) the effect of
the design tandem combined with the effect of design lane load; (b) the effect of
design truck combined with the design lane load.
A dynamic load allowance, which is also called an impact factor (1M), is
used. to account for the dynamic response of vehicles riding over discontinuities
in the deck surface such as deck joints. The impact factor in the AASHTO LRFD
Specifications is 1.15 for fatigue limit s~te and 1.33 for all other limit states.
The design study focuses on the interior girders of the prototype bridge.
AASHTO LRFD specifies that unless future widening of the bridge is virtually
inconceivable, the load carrying capacity of an exterior girder shall not ~e less
than the load carrying capacity of an interior girder. Therefore, the exterior
( , girders are assumed to be identical to the interior girders in the design study.
['
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Figure 3.5a shows the moment envelopes due to the unfactored fatigue,
dead and live loads. Figure 3.5b shows the shear envelopes due to the
unfactored dead and live loads. Table 3.1 shows various compjnations onoads .
) .
and load factors used in design.
3.5 Review of Relevant AASHTO LRFD Specifications
The critical stage for lateral torsional buckling of simply-supported
composite I-girders is during construction, before the concrete deck is cured as
discussed in Chapter 2. For the construction stage, non-compact flexural design
criteria are applied to the steel section acting alone (assuming non-composite
behavior) under construction loads.
I-girders that will be composite under service conditions normally have
smaller top flanges than bottom flanges in positive bending regions, because a
large top flange is not needed for the strength or service limit states. Figure 3.6a
shows a typical non-composite steel I-girder.
TheAASHTO LRFO specifications calculate the elastic stress at any
--·_·~·---··10Gation·on-a-comp.osite5ectionas the sum of the following stresses: (1) stresses
on the steel section due to the dead load of the steel section and concrete; (2)
stresses on the long term composite section due to superimposed dead load; (3)
stresses on the short term composite section due to live load. Figure 3.6b shows
a typical composite section used in the design study.
In the following discussion of AASHTO LRFO Specifications, several
references are made to the web slenderness ratio, 20 It ,and the compression
c w
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flange" slenderness ratio, bf /2t f • Dc is the depth of the web in compression
(Figure 3.6a). t is the thickness of the web (t web in Figure 3.6a). b is the width
w . f
of the compression flange, which 'for positive bending is the width of the top
flange (Btf in Figure 3.6a). t
f
is the thickness of the compression flange (Ttf in
Figure 3.6a). AASHTO LRFD Specifications indicate that an I-girder which
satisfies web and compression flange slenderness limits and is adequately
braced against lateral torsional buckling has a nominal flexural resistance, M
n
,
equal to the following:
Equation 3.1
where, M is the yield moment, Rand R
h
are flange stress reduction factors.y b
R
h
is the hybrid factor. For homogeneous sections (flanges and web made from
the same steel), Rh =1.0. Rb is the load shedding factor. If a longitudinal
stiffener is provided or Equation 3.2 is satisfied, then R
b
=1.0.
Equation 3.2
A
b
accounts for the restraint provided to the web by the flanges. If the
compression flange area is greater than or equal to the tension flange area then"
A
b
equals 5.76. If the compression flange area is less than the tension flange
area then A
b
equals 4.64. For I-girders that do not satisfy Equation 3.2, R
b
is as
follows:
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R -1- [ ar ][20e - A fI]
b - 1200 +300a
r
t
w
b Vt";
where, A is the compression flange area.
Ie
Equation 3.3
Equation 3.4
The AASHTO LRFO Specifications web slenderness limit for non-compaCt
~
sections without longitudinal stiffeners (mentioned above) is as follows:
Equation 3.5
The compression flange slenderness limit (mentioned above) is as follows:,
Equation 3.6
The AASHTO LRFO Specifications define adequate bracing against lateral
torsional buckling with the following limit on the unbraced length:
Equation 3.7
where, L
b
is the distance between points bracing the compression flange, r
t
is
the radius of gyration of the compression flange about the vertical axis, and F
ye
is the specified minimum yield strength of the compression flange. If the
unbraced length, L
b
(the spacing between compression flange braces) satisfies
Equation 3.7 and Equations 3.5 and 3.6 are satisfied, then the nominal flexural
resistance is given by Equation 3.1.
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If the unbraced length, Lb exceeds the limit in Equation 3.7, then the
nominal flexural resistance based on laferal torsional buckling resistance IS
determined from the following three equations.
If the web slenderness ratio satisfies the limit in Equation 3.2, then the
girder is considered to have stocky web (Le. bend-buckling of the web is
theoretically prevented), and the St.Venant torsional stiffness and warping
~
torsional stiffness are included in computing the lateral torsional buckling moment
as follows:
Equation 3.8
In addition, for a girder with a stocky web, the possibility of inelastic lateral
torsional buckling is not considered.
If the web slenderness ratio exceeds the limit in Equation 3.2, then the
girder is considered to have a slender web (Le., cross sectional distortion is
possible) and both elastic and inelastic buckling are considered. To determine
whether elastic or inelastic buckling controls, two unbraced length are calculated.
The maximum unbraced length to reach the yield moment, L ,and the unbracedp
length at the transition between elastic and inelastic buckling, L . When L is
r b
between Land L then the lateral torsional buckling moment is calculated asp r
follows:
Equation 3.9
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When L exceeds L then the lateral torsional buckling moment is calculated as
. b r '
·follows:
Equation 3.10 .
Land L are calculated as follows:
r p
Equation 3.11
Equation 3.12
Equation 3.13
",.where, S is steel girder section modulus about x-axis, d is the total girder
xc
depth, F is the minimum yield strength of the compression flange, and r' (equalyc
to r
t
) is the radius of gyration of the compression flange about y-axis.
It,should be noted that Equations 3.9 and 3.10 ignored the effect of
St.Venant torsional stiffness in calculating M ,by neglecting GJ.
. n
A comparison of MSHTO equations 3.8,3.9, and 3.10 used in the 'design
studies to calculate buckling moment capacity for I-girders with stocky and
slender webs, was conducted. The purpose of the comparison is to show the
influence of GJ on buckling moment capacity for girders with different web
slenderness and unbraced length.
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Table 3.2 shows the results, (see also Figure 3.7). Table 3.2 shows 'that
the moment capacity forthe slender web case (without GJ) approaches 100% of
that of the stocky web case as the unbraced length decreases. An explanation to
this is related to Equation 2.6, which can be rewritten as follows:
Equation 3.14
1T2EI
where, -~y is the weak axis ~ending' resistance, GJ is St. Venant torsional
L2
1T2EI
resistance, and . 2 W is the warping resistance. Study of Equation 3.14 shows
L
that for longer unbraced length the term, GJ dominates the moment resistance.
1T2EIWhile for shorter unbraced length the term, W dominates the moment
L2
resistance and the GJ term is negligible.
3.6 AISC LRFD Design Specifications for Girders with Non-compact Webs
The equations reviewed in this section are used in Chapter 6 for
comparisons with the finite element results. The AISC LRFD Specifications
indicate that the design flexural strength for I-girders with slender webs is <PbM n •
The resistance factor, <P b = 0.9, and the nominal flexural strength, Mn is given by:
Equation 3.15
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where, S is the section modulus for the compression flange, R is a strength
~ . .. . ~
reduction factor to account for elastic web buckling, F is the critical
cr
compression flange stress, R is the hybrid girder factor (equals t01.0 for a
e
. homogeneous section). The girder strength reduction factor, RpG is given by:
R =1- a r [~- 970] < 1 0
PG 1200 + 300ar t w ~Fcr - .
A
a =~<10
r A
I
-
Equation 3.16a
Equation 3.16b
where, h is twice the distance from the centroid to the inside face of the
c
compression flange, a is the ratio of web area to compression flange area. The
r
critical stress, F is dependent upon the slenderness parameters A, A , A , and
cr p r
epG as follows.
Depending on the unbraced lengths, three cases are considered: (1) with
A ~ A ,the failure will be by yielding and the critical stress is given by Equation
p
3.15c; (2) with Ap < A~ Ar , the failure will be by inelastic lateral torsional buckling
and the critical-stress is given by Equation 3.15d; (3) with A > A
r
' failufE!will be by
elastic lateral torsional buckling and the critical stress is given by Equation .3.15e.
Equation 3.16c
Equation 3.16d
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Equation 3.16e
The slenderness parameters A, A ,and A are calculated as follows:p r
A = 300
p~
Equation, 3.16f
Equation 3.16g
Equation 3.16h
where, r is the radius of gyration of compression flange, and F is the minimum
T ~
yield stress of the compression flange. The C
b
factor is calculated using
Equation 2.8 as discussed in Chapter 2, and CpG = 286000Cb
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Table 3.1 Load combinations and load factors
Limit state Dead load Live load
Dc UW LL+IM
Strength I 1.25 1.50 1.75
Service II 1.00 1.00 1.30
Fatigue - - 0.75
Constructiblhty 1.25 - -
Table 3.2 Comparison of AASHTO Equations of Slender Web and Stocky Web
Critical Buckling Moment Mer (kN-m)
Unbraced Length AASHTO LRFD Equation Ratio
(meter) Slender web Stocky web Eq.3.9/ Eq.3.8
Eq.3.9 &3.10 Eq.3.8
60 511 1143 0.45
30 2353 3329 0.71
18 6033 7040 0.86
12 11605 12193 0.95
9 20919 21859 0.96
1 kip =4.45 kN.
1 kip-ft = 1.356 kN-m.
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Figure 3.2. Typical shop and field splice locations
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Figure 3.3 Prototype bridge framing plan base case 1 cross frame arrangement
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Figure 3.4 LRFD Vechicular live loads
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4. Design Studies
4.1 Introduction
This' chapter presents the design studies that were conducted to show the
influence of the number, spacing, and arrangement of cross frames on the
design of the I-girders of the prototype bridge. The design studies focus ·on the
effects of increasing the cross frame spacing beyond conventional spacing near
7.6 m [25 ftl The design studies consider the potential for lateral torsional
T
buckling of the I-girders of the prototype bridge during the construction phase,
before the concrete deck cures.
In conventional steel bridges, cross frames are spaced at 7.62 m [25 ftl or
less. This cross frame spacing is the maximum cross frame spacing permitted by
the AASHTO Standard Specifications for Highway Bridges (1984). When the
conventional limit of 7.62 m [25 ftl is not exceeded, the potential for lateral
torsional buckling of the I-girders under positive bending during construction is
not likely. However, this cross frame spacing limit. may result jn unnecessary
cross frames whose structural contributions is questionable under service
conditions as discussed in Chapter 2. The AASHTO LRFD Specifications do not
include this cross frame spacing limit, and the design studies explore the
possible benefits of eliminating this limit.
The design studies show that the number of cross frames can be reduced
(leading to larger unbraced lengths under construction conditions) with the
possibility of lateral torsional buckling adversely affecting the design of the 1-
girders.
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This chapter is organizeEi as follows .. Section 4.2 presents the 'design
parameters considered in the design studies. The design analysis procedure
used in the design studies is described in Section 4.3. The results of the design
studies are described in Section 4.4.
4.2 Design Parameters
The design studies consider several cross frame arrangements. For eac~
cross frame arrangement, cross section properties for the I-girders are chosen to
achieve minimum weight girder designs using the procedure outlined in Section
4.3.
A standard arrangement of cross frames consisting of nine cross frames
spaced equally at 7.5 m [24.6 tt] was studied. Figure 4.1 shows an I-girder
. .
elevation view of this. cross fram~ amirigemenL This case represents
conventional cross frame spacing of 7.62 m [25ft]. The arrangements of eight
and seven cross frames spaced equally at 8.57 m [28.12 ft] and 10m [32.81 fn
respectively, are shown in Figures 4.2 and 4.3. The six cross frame case, spaced
equally at 12 m [39.36 ft], is shown in Figure 4.4. Two cases with seven cross
frames and nonuniform cross frame spacing, "base case Y' and "base case 2"
were studied. Figures 4.5 and 4.6 show the cross frame arrangements for "base
,
case 1" and "base case 2", respectively. The six cross frame case, with unequally
spaced cross frames, is shown in F,igure 4.7. The four cross frame case is shown
in Figure 4.8.
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The arrangements of nine, .eight, seven, six, and four cross frames with
different cross frame spacing were investigated to show how increasing or
decreasing the cross frame spacing influences the design of the I-gfrders.
As described in Chapter 3, the prototype bridge has a single span of 60 m
[196.85 tt]. Plate transitions at 12 m [39.36 tt] from the end bearings were used.
The girder end segments are the segments between the bearings and the plate
transitions, and the middle segment is the segment between the plate transitions.
The plate transitions were chosen to achieve minimum girder weight designs.
The plate transition was best located at 0.2 L (the span length), which is 12 m
[39.36 tt] from the end bearings.
It should be noted that when a plate transition occurs within an unbraced
length, the cross section properties of the end and middle segments are
combined. The y axis moment of inertia of the compression flange, I ,is takenyc -
from the end segment, and, the section modulus, Sx' is taken from the middle
segment where the moment is largest within the unbraced length under the
bending moment for construction loading (Figure 3.5a). The critical section for
_~ll9h an 'unbraced length section is assumed to be "section B" in Figures 4.1, 4.2,
4.3,4.6,4.7 and 4.8.
The AASHTO LRFD (1998) Specifications suggest a minimum depth for
the steel portion of a composite steel I-girder of 0.033 L for simple span bridges.
The design studies maintain the suggested span to depth ratio by considering
web depths ranging from 2 m [78 in] to 2.4 m [94 in].
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As discussed in Chapter 3, the maximum plate length for ASTM A709
HPS 70W steel is currently 15.2 m [50 ftl Figure 3.2 shows shop and field
splices used in the design due to plate length limitation. The available plate
. thicknesses in. a plate steel specification guide (Bethlehem Lukens Plate Steel
Specification Guide 1998) were used to select plate thicknesses in the design
studies.
The I-girders of the prototype bridge are designed with web thickness as a
variable ranging fro!J11/16 inch.to much thicker. The web depth and flange width
are selected considering 1 in increments. Flange thickness less than 1% in are
conl)idering 118 in increments. Flange thickness greater than 1% in have 114 in
increments.
The influence of web thickness and the use of intermediate transverse
stiffeners on the design of I-girders for the prototype bridge is considered. For
this reason, Two cases are considered, stiffened and unstiffened webs
corresponding to the need for transverse stiffeners. The stiffened web case
considered in the design has-constant web thickness oL% in,Jhe stiffener$ are
needed when the shear resistance is less than the shear demand. For the
unstiffened web case, the web transitions allow the web thickness to be set in
each of three segments so the unstiffened shear resistance exceeds the
demand.
,51
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4.3 Design Analysis Procedure
The interior I-girders of the prototype bridge were designed according to
the AASHTO LRFD Bridge Design Specifications (1998) with the intent that all
, .
four I-girders of the bridge will have the same design. The design of the I-girders
considers strength, service, fatigue, and constructibility limit states as described
in Chapter 3. The minimum total weight for the I-girders was considered to be
optimum.
The comparisons between the factored design demands (from the
combinations of factored loads) and the factored resistances are presented, the
results for each limit state are expressed in terms of a performance ratio. The
compression flange and web slenderness of the cross section are compared with
the appropriated limits. The performance ratio for these comparisons is the ratio
of the. plate slenderness to the slenderness limit in the AASHTO LRFD Bridge
Design Specifications (1998). Tables of "performance ratios" are provided to
show which limit states control the I-girder designs.
-The cross section dimensions for-the I-girders-with~unstiffened.webs are
shown in Tables 4.1 to 4.8 for the eight cross frame arrangement cases. Tables
4.9 to 4.14 show girder cross section dimensions of the I-girders with stiffened
webs for the eight cross frame arrangement case. Tables 4.15 to 4.21 show the
performance ratios for the eight arrangements of cross frames for I-girders with
unstiffened webs. Tables 4.22 to 4.28 show the performance ratios for the 1-
girders with stiffened webs.
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4.3.1 Strength I Limit State Design
For Flexure, the nominal moment resistance, M , is taken as the plastic
n .
moment capacity, M . A possible reduction of M below M , is consideredp n p
based on ductility. The ductility check ensures that the tension flange of the steel
section reaches strain hardening prior to crushing of the concrete slab./The
performance ratio of strength I limit state for flexure is MStrengthl/Mn .
The nominal shear resistance, V , of-an unstiffened I-girder web depends
. n
on the web slenderness ratio, D It, where D is the web depth and t is the
w w w w
web thickness. The AASHTO LRFD (1998) Specifications define three web
slenderness ranges, which--determine the shear resistance of an unstiffened web.
When Dw <; 2.46~ E ,the nominal shear resistance, V
n
, is:
tw Fy
Equation 4.1
where, E is the modulus of elasticity, F is the nominal yield stress of the web,
. y
and A ·is the area of the web. Equation 4.1 gives the web shear-yield strength,w .
If the web buckles before reaching yield, the shear buckling may be either·elastic
or inelastic buckling as discussed below.
When Dw > 3.07~ E , the nominal shear resistance, Vn, controlled bytw Fy
elastic shear buckling, is:
V _ 4.55.t~.En - Dw
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Equation 4.2
When 2.46~ E < Ow ,; 3.07~ E, the nominal "shdar resistance, Vn ,Fy tw Fy
controlled by inelastic shear buckling,is:
Equation 4.3
If the nominal shear resistance, given by Equations 4.1, 4.2 and 4.3, is
less than the shear demand, transverse stiffeners are needed. When stiffeners
are needed, only the spacing between the first intermediate transverse stiffener
and the bearing stiffener, do, in the end panel was calculated. The value of do is
an indication of the total number of stiffeners needed. When the transverse
stiffeners are. more closely spaced, a larger increase in shear resistance is
provided. When the transverse stiffeners are more widely spaced, a smaller
increase in shear resistance is provided. Stiffened web girder Tables 4.22 to 4.28
show the do/Ow ratio. The perform~nce ratio for shear is Vstrengthl/Vn'
4.3.2 Service II Limit State Design
The flexural stresses in the flange, ff' are calculated as the sum of the
stress due to Dc acting on the non-composite girder cross section; the stresses
due to Ow acting on the long term composite girder cross section, and the
stresses due to live loads acting on the short term composite girder cross
section. The AASHTO LRFO Bridge Design Specifications (1998) provides the
limit for these flange stresses not to exceed the allowable stress:
Equation 4.4
54
where, Rb and Rh are flange stress reduction factors, and Fy is the flange yield
stress. The performance ratio for service II limit state is ffl f' .
all
4.3.3 Constructibility Limit State Design
The equations for flexural strength of non-composite I-girders are defined
in Chapter 3. The performance ratio for lateral torsional buckling is calculated as
M . 1M· As mentioned above, the performance ratio for compression
construction n
flange and web slenderness are the ratio of the plate slenderness to the
slenderness limit in the AASHTO LRFD Bridge Design Specifications (1998). The
performance ratio for compression flange bracing is Lb IL , when this ratio is, p
greater than one, then the lateral torsional buckling controls the flexural
resistance under construction loads.
" 'TbeAASHTO'lRFQ~ridge Design Specifications (1998) provide nominal
.. .' . .'. . . ':' .... -,' ...• '_. ,',
fatigue. re~iste:;nc'~,::f;6r'vaJiousJypesof connection details. There are eight
(', .".,., . '." . . . " .. '.. ~ - , .
connection detail. 'categories' ranging from A to E'. Each category has an
, asso~iated ..f~tigueresistanc~ is with an associated S-N curve to define the
nOtnirial fatigue resistance.
The prototype girder do not have cover plates or other unusual
attachm~nts and the attachments of transverse stiffeners (cross frame
conn~ction plates) to the girder are the most critical connection details. If the
-"
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stiffeners and cross frame connection plates are fillet welded, these attachments
are category C' details.
The fatigue resistance of the stiffeners (and cross frame connection
plates) are checked against the stress range produced by the "fatigue truck" as it
passes over the bridge, as discussed in Chapter 3. The primary stress in the
girder flange or web adjacent to the stiffeners (and connection plates) is used as
the stress range in the following design check.
Equation 4.5
where, (~F)n is the nominal fatigue resistance, and ~f is the live load stress
(primary stress in girder flange or web) range due to the fatigue tru·ck. The
nominal fatigue resistance is determined as follows:
1
( A)3 1(~F)n = N ~ '2' (~FhH Equation 4.6
where, A is a constant depending on the fatigue detail category (A= 44x108 for
category C'), N is the number of cycles for a 75-year design life, and (~FhH is
the constant amplitude fatigue threshold (CAFL) for the fatigue detail category.
The number of cycles, N, is determined as follows:
N =365(75)nADTTSL Equation 4.7
where,.ADDTSL is the single lane average daily truck traffic, which is an estimate
of the number of trucks per day in a single lane, and, n, is the number of stress
cycles per truck passage taken as 1.0 for simple span I-girders over 12.2' m [40
tt]. The performance ratio for fatigue limit states is (~F)n I ~f.
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4.4 Design Studies Results
The influence of number of cross frames on the total girder weight for
unstiffened and stiffened web'is shown in Figures 4.9 and 4.10, respectively. The
total girder weight is the weight of the four identical I-girders of the prototype
bridge as shown in Tables 4.1 to 4.7 for unstiffened web cases, and in Tables 4.8
to 4.14 for stiffened web cases.
Figure 4.9 shows that the total girder weight increases when the number
of cross frames is reduced. Figure 4.9 shows 9 cross frame case has the lightest
.,......
girder weight, and nearlylcfentical to the 8 cross frame case. Reducing the
number of cross frames from 9 to 8 results in a 6 kip increase in total girder
weight (78 in web), and 0.6 kip (94 in web), Tables 4.1 and 4.2. The difference in
the total girder weight ,between the 9 and 7 uniform cross frame cases is 2%, the
difference increase to 6% between the 9 and 6 uniform cross frame cases. When
the number of cross frames reduces to 4, the difference increases to 18%, due to
the increase in top flange dimensions.
Figures 4.9 and 4.10 show the decrease in total girder weight for the
cases in which the web is stiffened. Table 14.1 show for 9 cross fram~ case,
unstiffened, 78 in web, the total girder weight is 275.21 kips. The corresponding
case with stiffEmed web, the total girder weight is 254.12 kips. The difference is
21 kips in total girder weight.
Figures 4.11 and 4.12 show the influence of cross frame arrangement on
the total girder weight for unstiffened and stiffened web, respectively. For a given
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number of cross frames, the spacing (arrangement) of the cross frames influence
the weight of the I-girders.
Notice that in "base case 1" and "base case 2", the cross frame spacing is
larger between the end cross frames and first intermediate cross frames. This is
a result of the moment gradient factor, Cb , which is larger for outer unbraced
length. Figures 4.9 and 4.10 show total girder weight for the same number of
cross frames, the cross frames have different arrangements. Base Case 1
arrangement is the least weight design in both stiffened and unstiffened cases.
Tables 4.15 to 4.28 of "performance r~tios" show the minimum weight
girders are controlled by constructibility (lateral torsional buckling under
construction loads) and service II design limit states. It can be seen from the
performance ratio tables, that the critical "section B" can control the design, when
a plate transiti~ occurs within an unbraced length as discussed in Secti~n 4.2.
The conclusions of the design studies will be presented in Chapter 7.
58
(Jl
CD
Table 4.1 Girder Cross Section Dimensions for
Standard 7.50 m Uniform Cross Frame Spacing (9 Cross Frames) Unstiffened Web
Ttf Btf Tbf Bbf Ow Tw Segment Girder Total GirderSegment Length (tt) (in) (in) (in) (in) (in) (in) Weight Weight Weight (Kips)(Kips) (Kips)
End 39.36 0.875 17 0.875 17 78 0.750 11.82 68.80 275.21
Middle 118.11 1.250 19 1.750 20 78 0.688 45.16
End 39.36 0.875 17 0.813 16 82 0.750 11.97 68.80 275.21
Middle 118.11 1.250 19 1.750 18 82 0.688 44.86
End 39.36 0.875 17 0.688 15 86 0.750 12.01 68.08 272.33
Middle 118.11 1.125 20 1.750 16 86 0.688 44.06
End 39.36 0.875 17 0.563 12 90 0.813 12.69 69.84 279.36
Middle 118.11 1.125 20 1.750 15 90 0.688 44.46
End 39.36 0.875 17 0.500 10 94 0.813 12.89 70.64 282.58
Middle 118.11 1.125 20 1.750 14 94 0.688 44.86
Table 4.2 Girder Cross Section Dimensions for
8.57 m Uniform Cross Frame Spacing ( 8 Cross Frames) Unstiffened Web
Length Ttf Btf Tbf Bbf Ow Tw Segment Girder Total GirderSegment (tt) (in) (in) (in) (in) (in) (in) Weight Weight Weight (Kips)(Kips) (Kips)
End 39.36 0.875 19 0.875 17 78 0.750 12.05 70.28 281.11
Middle 118.11 1.250 21 1.750 20 78 0.688 46.17
End 39.36 0875 19 0.813 16 82 0750 12.20 69.77 279.10
Middle 118.11 1.250 20 1.750 18 82 0.688 45.36
End 39.36 0.875 19 0.688 15 86 0.750 12.25 69.00 276.01
Middle 118.11 1.125 21 1.750 16 86 0.688 44.51
End 39.36 0.813 19 0.563 13 90 0.813 12.84 70.14 280.57
Middle 118.11 1.125 20 1.750 15 90 0.688 44.46
End 39.36 0.813 19 0.500 10 94 0.813 12.97 70.80 283.18
Middle 118.11 1.125 20 1.750 14 94 0.688 44.86
Btf = top flange width
Ow = web depth
Bbf = bottom flange width
Ttf. =:= top flange thickness
Tw = web thickness
Tbf = bottom flange thickness
Table 4.3 Girder Cross Section Dimensions for
1Q.9 m Uniform Cross Frame Spacing ( 7 Cross Fram~s ) Unstiffened Web
Ttf Btf Tbf Bbf Ow Tw Segment Girder Total GirderSegment Length (tt) (in) (in) (in) (in) (in) (in) Weight Weight Weight (Kips)(Kips) (Kips)
End 39.36 1.0QQ 21 0.875 17 78 Q.75Q 12.64 71.95 287.8Q
Middle 118.11 1.25Q 22 1.75Q 20 78 Q.688 46.67
End 39.36 1.0QQ 21 Q.813 15 82 Q.75Q 12.68 71.73 286.93
Middle 118.11 1.250 22 1.75Q 18 82 Q.688 46.37
End 39.36 1.0QQ 2Q Q688 14 86 Q.750 12.61 70.18 280.7Q
Middle 118.11 1.125 22 175Q 16 86 0.688 44.96
End 39.36 1.0QO 20 0.563 12 90 0.813 13.38 72.12 288.47
Middle 118.11 1.125 22 1.75Q 15 90 0.688 45.36
End 39.36 1.0QO 2Q 0.500 9 94 0.813 13.51 71.63 286.53
Middle 118.11 1.125 21 1.750 13 94 0.688 44.61
en
a
Table 4.4 Girder Cross Section Dimensions for
Base Case 1 Non-uniform Cross Frame Spacing (7 Cross Frames) Unstiffened Web
Ttf Btf Tbf Bbf Ow Tw Segment Girder Total GirderSegment Length (tt) (in) (in) (in) (in) (in) (in) Weight Weight Weight (Kips)(Kips)' (Kips)
End 39.36 1.000 19 0.875 17 78 0.750 12.37 70.91 283.65
Middle 118.11 1.250 21 1.750 20 78 0.688 46.17
End 39.36 0.875 19 0.813 16 82 0.750 12.20 69.77 27910
Middle 118.11 1.250 2Q 1.750 18 82 0.688 45.36
End 39.36 0.875 19 0.688 15 86 0.750 12.25 69.QO 27601
Middle 118.11 1.125 21 1.750 16 86 0.688 44.51
End 39.36 0.813 19 Q.563 13 90 0.813 12.84 70.14 280.57
Middle 118.11 1.125 2Q 1.750 15 90 0.688 44.46
End 39.36 0.813 19 0.5QQ 10 94 0.813 12.97 70.8Q 283.18
Middle 118.11 1.125 2Q 1750 14 94 0.688 44.86
Btf = top flange width
Ow = web depth
Bbf = bottom flange width
Ttf = top flange thickness
Tw = web thickness
Tbf = bottom flange thickness
<J)
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Table 4.5 Girder Cross Section Dimensions for
Base Case 2 Non-unifo'rm Cross Frame Spacing (7 Cross Frames) Unstiffened Web
Ttf Btf Tbf Bbf Ow Tw Segment Girder Total GirderSegment Length (ft) (in) (in) (in) (in) (in) (in) Weight Weight Weight (Kips)(Kips) (Kips)
End 39.36 1.000 22 0.875 16 78 0.750 12.66 70.43 281.71
Middle 118.11 1.125 21 1.750 20 78 0.688 45.11
End 39.36 1.000 21 0.813 15 82 0.750 12.68 69.72 278.89
Middle 118.11 1.125 20 1.750 18 82 0.688 44.36
End 39.36 1.000 21 0.688 14 86 0.750 12.74 69.54 278.16
Middle 118.11 1.125 20 1.750 16 86 0.688 44.06
End 39.36 1.000 21 0.563 12 90 0.813 13.51 70.58 282.31
Middle 118,11 1.125 18 1.750 15 90 0.688 43.56
End 39.36 1.000 21 0.500 ,9 94 0.813 13.64 70.79 283.18
Middle 118.11 1.125 17 1.750 14 94 0.688 43.51
Table 4.6 Girder Cross Section Dimensions for
12.0 m Uniform Cross Frame Spacing (6 Cross Frames) Unstiffened Web
Ttf Btf Tbf Bbf Ow Tw Segment Girder Total GirderSegment Length (ft) (in) (in) . (in) (in) (in) (in) Weight Weight Weight (Kips)(Kips) (Kips)
End 39.36 1.000 19 0.875 17 78 0.750 12.37 72.92 291.69
Middle 118.11 1.250 25 1.750 20 78 0.688 48.18
End 39.36 0.875 19 0.813 16 82 0.750 12.20 71.78 287.13
Middle 118.11 1.250 24 1.750 18 82 0.688 47.37
End 39.36 0.875 19 0.688 15 86 0.750 12.25 71.57 286.26
Middle 118.11 1.250 24 1.750 16 86 0.688 47.07
End 39.36 0.813 19 0.563 13 90 0.813 12.84 71.95 287.80
Middle 118.11 1.250 23 1.750 14 90 0.688 46.27
End 39.36 0.813 19 0.500 10 94 0.813 12.97 71.90 287.60
Middle 118.11 1.125 24 1.750 13 94 0.688 45.97
Btf = top flange width
Ow = web depth
Bbf = bottom flange width
Ttf = top' flange thickness
Tw = web thickness
Tbf = bottom flange thickness
Table 4.7 Girder Cross Section Dimensions for
Non-uniform Cross Frame Spacing ( 4 Cross Frames) Unstiffened Web
Ttf Btf Tbf Bbf Ow Tw Segment Girder Total GirderSegment Length (ft) (in) (in) (in)' (in) (in) (in) Weight Weight Weight (KiRs)(Kips) (Kips)
End 39.36 1.500 28 0.750 17 78 0.750 15.17 81.43 325.71
Middle 118.11 1.500 28 1.500 21 78 0.688 51.09
End . 39.36 1.500 27 0.750 14 82 0.750 15.07 80.52 322.09
Middle 118.11 1.500 27 1.500 19 82 0.688 50.39
End 39.36 1.500 27 0.750 11 86 0.750 15.17 81.23 324.91
Middle 118.11 1.500 27 1.500 18 86 0.688 50.89
End 39.36 1.500 26 0.500 10 90 0.813 15.69 81.56 326.25
Middle 118.11 1.500 26 1.500 16 90 0.688 50.19
End 39.36 1.250 28 0.375 7 94 0.813 15.27 81.23 324.91
Middle 118.11 1.500 26 1.500 15 94 0.688 50.69
(j)
1'0
Btf = top flange width
Ow = web depth
Bbf = bottom flange width
Ttf = top flange thickness
Tw = web thickness
Tbf = bottom flange thickness
(J)
w
Table 4.8 Girder Cross Section Dimensions for
Standard 7.50 m Uniform Cross Frame Spacing ( 9 Cross Frames) Stiffened Web
Ttf Btf Tbf Bbf Ow Tw Segment Girder Total GirderSegment Length (ft) (in) (in) (in) (in) (in) (in) Weight Weight Weight (Kips)(Kips) (Kips)
End 39.36 1.000 17 1.125 18 78 0.500 10.21 63.53 254.12
Middle 118.11 1.500 21 1.750 21 78 0.500 43.10
End 39.36 1.000 17 1.125 16 82 0.500 10.18 62.86 251.44
Middle 118.11 1.500 21 1750 19 82 0.500 42.50 ,
End 39.36 1.000 17 1.125 14 86 0.500 10.15 62.89 251.57
Middle 118.11 1.500 21 1.750 18 86 0.500 42.60
End 39.36 1000 17 1.125 13 90 0.500 10.26 63.23 252.91
Middle 118.11 1.500 21 1.750 17 90 0.500 42.70
End 39.36 1.000 17 1.125 11 94 0.500 10.23 63.26 253.04
Middle 118.11 1.500 21 1.750 16 94 0.500 42.80
Table 4.9 Girder Cross Section Dimensions for
8.57 m Uniform Cross Frame Spacing ( 8 Cross Frames) Stiffened Web
Ttf Btf Tbf Bbf Ow Tw Segment Girder Total GirderSegment Length (ft) (in) (in) (in) (in) (in) (in) Weight Weight Weight (Kips)(Kips) (Kips)
End 39.36 1.000 19 1.125 17 78 0.500 10.33 63.76 255.05
Middle 118.11 1.500 21 1750 21 78 0.500 43.10
End 39.36 1.000 19 1.125 16 82 0.500 10.45 63.39 253.58
Middle 118.11 1.500 21 1.750 19 82 0.500 42.50
End 39.36 1.000 18 1.125 14 86 0.500 10.28 63.16 _ 252.64
Middle 118.11 1.500 21 1750 18 86 0.500 42.60
End 39.36 1.000 18 1.125 12 90 0.500 10.25 63.19 252.78
Middle 118.11 1.500 21 1750 17 90 0.500 42.70
End 39.36 1.000 17 1.125 11 94 0.500 10.23 63.26 253.04
Middle 118.11 1.500 21 1.750 16 94 0.500 42.80
Btf = top flange width
Ow = web depth
Bbf = bottom flange width
Ttf = top flange thickness
Tw = web thickness
Tbf = bottom flange thickness
(j)
~
Table 4:10 Girder Cross Section Dimensions for
10.0 m Uniform Cross Frame Spacing ( 7 Cross Frames) Stiffened Web
Segment Length Ttf Btf Tbf Bbf Ow Tw Segment Girder Total Girder
(ft) (in) (in) (in) (in) (in) (in) Weight Weight Weight (Kips)
(Kips) (Kips)
End 39.36 1.125 21 1.125 17 78 0500 10.95 65.00 260.01
Middle 118.11 1500 21 1.750 21 78 0500 43.10
End 39.36 1.125 20 1.125 15 82 0.500 10.76 64.03 256.12
Middle 118.11 1.500 21 1.750 19 82 0.500 42.50
End 39.36 1.125 20 1.125 14 86 0.500 10.88 64.37 257.46
Middle 118.11 1.500 21 1.750 18 86 0.500 42.60
End 39.36 1.125 19 1.125 12 90 0.500 10.70 64.10 256.39
Middle 118.11 1500 21 1.750 17 90 0.500 42.70
End 39.36 1.125 19 1.125 11 94 0.500 10.82 64.43 251,73
Middle 118.11 1.500 21 1.750 16 94 0.500 42.80
Table 4.11 Girder Cross Section Dimensions for
Base Case 1 Non-uniform Cross Frame Spacing ( 7 Cross Frames) Stiffened Web
Segment Length Ttf Btf Tbf Bbf Ow Tw Segment Girder Total Girder
(ft) (in) (in) (in) (in) (in) (in) Weight Weight Weight (Kips)
(Kips) (Kips)
End 39.36 1000 19 1.125 17 78 0.500 10.33 63.76 255.05
Middle 118.11 1.500 21 1.750 21 78 0.500 43.10
End 39.36 1.000 19 1.125 16 82 0.500 10.45 63.39 253.58
Middle 118.11 1.500 21 1.750 19 82 0500 42.50
End. 39.36 1.000 18 1.125 14 86 0.500 10.28 63.16 252.64
Middle 118.11 1.500 21 1.750 18 86 0.500 42.60
End 39.36 1.000 18 1.125 12 90 0.500 10.25 63.19 252.78
Middle 118.11 1.500 21 1.750 17 90 0.500 42.70
End 39.36 1.000 18 1.125 11 94 0.500 10.36 63.53 254.12
Middle 118.11 1.500 21 1.750 16 94 0.500 42.80
Btf = top flange width
Ow = web depth
Bbf = bottom flange width
Ttf = top flange thickness
Tw = web thickness
Tbf = bottom flange thickness
(j)
(Jl
Table 4.12 Girder Cross Section Dimensions for
Base Case 2 Non-uniform Cross Frame Spacing (7 Cross Frames) Stiffened Web
Length Ttf Btf ~f Bbf Ow Tw Segment Girder Total GirderSegment (tt) (in) (in) (in) (in) (in) (in) Weight Weight Weight (Kips)(Kips) (Kips)
End 39.36 1.125 21 1.125 17 78 0.500 10.95 65.00 260.01
Middle 118.11 1.500 21 1.750 21 78 0500 43.10
End 39.36 1.125 21 1.125 15 82 0.500 10.92 65.04 260.14
Middle 118.11 1.500 21 1.750 20 82 0.500 43.20
End 39.36 1.125 20 1.125 14 86 0.500 1088 65.07 260.28
Middle 118.11 1.500 21 1.750 19 86 0.500 43.30
End 39.36 1.125 20 1.125 12 90 0.500 10.85 64.40 25760
Middle 118.11 1.500 21 1.750 17 90 0.500 4270
End 39.36 1.125 20 1.125 11 94 0500 .10.97 64.73 258.94
Middle 118.11 1.500 21 1.750 16 94 0.500 42.80
Table 4.13 Girder Cross Section Dimensions for
12.0 m Uniform Cross Frame Spacing (6 Cross Frames) Stiffened Web
Length Ttf Btf Tbf Bbf Ow Tw Segment Girder Total GirderSegment Weight Weight(tt) (in) (in) (in) (in) (in) (in) (Kips) (Kips) Weight (Kips)
End 39.36 1.000 19 1.125 17 78 0.500 10.33 65.57 262.29
Middle 118.11 1.500 24 1.750 21 78 0.500 44.91
End 39.36 1.000 19 1.000 17 82 0.500 10.31 64.33 257.33
Middle 118.11 1.500 23 1.750 19 82 0500 43.71
End 39.36 1.000 19 1.000 16 86 0.500 10.45 64.70 258.80
Middle 118.11 1.500 23 1750 18 86 0.500 43.81
End 39.36 1.000 18 1.000 14 90 0.500 1031 63.93 255.72
Middle 118.11 1.500 22 1.750 17 90 0.500 43.30
End 39.36 1.000 18 1.000 12 94 0.500 10.31 63.33 253.31
Middle 118.11 1.500 22 1.750 15 94 0.500 42.70
Btf = top flange width
Ow = web depth
Bbf = bottom flange width
Ttf = top flange thickness
Tw = web thickness
Tbf = bottom flange thickness
(j)
(j)
Table 4.14 Girder Cross Section Dimensions for
Non-uniform Cross Frame Spacing ( 4 Cross Frames) Stiffened Web
Ttf Btf Tbf Bbf Ow Tw Segmen.t Girder Total GirderSegment Length (ft) (in) (in) (in) (in) (in) (in) Weight Weight Weight (Kips)(Kips) (Kips)
End 39.36 1.500 28 0.875 20 78 0.500 13.19 73.41 293.63
Middle 118.11 1.500 28 1.500 24 78 0.500 47.02 ,
End 39.36 1.500 27 0.875 18 82 0.500 13.03 72.07 288.27
Middle 118.11 1.500 27 1.500 22 82 0.500 46.02
End 39.36 1.500 27 0.875 16 86 0.500 13.06 71.73 286.93
Middle 118.11 1.500 27 1.500 20 86 0.500 45.62
End 39.36 1.500 26 0.875 14 90 0.500 12.89 71.00 283.98
Middle 118.11 1.500 26 1.500 19 90 0.500 45.21
End 39.36 1.500 26 0.875 12 94 0.500 12.92 70.66 282.64 .
Middle 118.11 1.500 26 1.500 17 94 0.500 44.81
Btf = top flange width
Ttf =top flange thickness
Ow = web depth
Tw = web thickness
Bbf = bottom flange width
Tbf =. bottom flange thickness
Table 4.15 Limit States Performance Ratios for
Standard 750 m Uniform Cross Frame Spacing (9 Cross Frames) Unstiffened Web Girder
Strength I Constructibility Service II Fatigue
Web Segment Flexure Ductility Shear Web Comp.Flg. Comp.Flg. Lateral Section(B) Tension Connection
Depth Resist. Req'ment Resist. Slender. Slender. Bracing Torsion.B. LTB Flange Plate
78 End 0.69 0.73 0.91 0.63 0.92 2.16 0.61 0.96 1.01 0.45
Mid 080 0.85 0.80 0.80 0.80 1.79 0.99 0.99 0.56
82 End 0.66 0.71 0.95 0.63 0.91 2.18 0.58 0.92 1.00 0.44
Mid 0.79 0.84 0.84 0.80 0.78 1.80 0.94 1.00 0.56
86 End 0.65 0.69 1.00 0.63 0,89 2.18 0.55 0.87 1.01 0.45
Mid 0.79 0.83 0.88 0.81 0.91 1.73 0.90 1.01 0.57
90 End 0.62 0.65 0.82 0.57 0.85 2.22 0.53 0.84 1.01 0.44
Mid 0.76 0.80 0.92 0.82 0.90 1.74 0.86 1.00 0.56
94 End 0.60 0.63 0.86 0.57 0.84 2.24 0.50 0.81 1.00 0.44
Mid 0.74 0.77 0.96 0.82 0.88 1.75 0.82 0.98 0.55
(J)
-..J Table 4.16 Limit States Performance Ratios for
8.57 m Uniform Cross Frame Spacing (8 Cross Frames) Unstiffened Web Girder
Strength I Constructibility Service II . Fatigue
Web Segment Flexure Ductility Shear Web Comp.Flg. Camp. Fig. Lateral Section(B) Tension Connection
Depth Resist. Req'ment Resist. Slender. Slender. Bracing Torsion.B. LTB Flange Plate
78 End 0.69 0.73 0.91 0.60 1.00 2.16 0.57 0.98 1.00 0.45
- .
Mid 0.80 0.85 0.80 0.76 0.85 1.82 0.97 0.98 0.56
82 End 066 0.70 0.95 0.60 0.98 2.17 0.55 0.94 0.99 0.44
Mid 0.79 0.83 0.83 0.78 0.81 1.93 1.00 0.99 0.56
86 End 0.64 0.68 1.00 0.60 0.96 2.18 0.52 0.89 1.00 0.44
Mid 0.79 0.83 0.88 0.80 0.94 1.87 0.96 1.01 0.57
90 End 0.61 0.65 0.82 0.56 1.01 2.26 0.53 0.93 0.99 0.44
Mid 0.76 0.80 0.92 0.82 0.90 1.99 1.00 1.00 0.56
94 . End 0.60 q.63. 0.86 0.56 1.00 2.27 0.51 0.90 ·1.00 0.44
Mid 0.74 0.77 0.96 0.82 0.88 1.99 0.95 0.98 0.55
Table 4.17 Limit States Performance Ratios for
10.0 m Uniform Cross Frame Spacing (7 Cross Frames) Unstiffened Web Girder
Strength I Constructibility Service II Fatigue
Web Segment Flexure Ductility Shear Web CompFlg. Comp.Flg. Lateral Section(B) Tension Connection
Depth Resist. Req'ment Resist. Slender. Slender. Bracing Torsion.B. LTB Flange Plate
78 End 0.68 0.73 0.91 0.54 0.90 2.18 0.51 0.95 0.98 0.57
Mid 0.80 0.85 0.80 0.74 0.88 ,2.01 0.98 0.98 0.56
82 End 0.67 0.71 0.95 0.54 0.88 2.18 0.49 0.91 0.99 0.57
Mid 0.79 0.84 0.84 0.74 0.86 2.02 0.93 0.99 0.56
86 End 0.66 0.70 1.00 0.55 0.84 2.32 0.52 101 1.01 0.58
Mid 0.79 0.83 0.88 0.78 0.97 2.06 0.97 1.01 0.57
90 End 0.61 0.65 0.82 0.50 0.81 2.36 0.49 0.97 0.98 0.56
Mid 0.76 0.80 0.92 0.78 0.96 2.07 0.93 0.99 0.56
94 End 0.60 0.63 0.86 0.51 0.80 2.36 0.48 0.93 0.99 0.56
Mid 077 0.79 0.96 0.79 0.91 2.t9 0.98 1.01 0.57
OJ
OJ Table 4.18 Limit States Performance Ratios for
Base Case 1 Non-uniform Cross Frame Spacing (7 Cross Frames) Unstiffened Web Girder
~
Strength I Constructibility Service II Fatigue
Web Segment Flexure Ductility Shear yveb Comp.Flg. Comp.Flg. Lateral Section(B) Tension Connection
Depth Resist. Req'ment Resist. Slender. Slender. Bracing Torsion.B. LTB Flange Plate
78 End 0.68 0.73 0.91 0.57 0.84 2.94 0.91 NA 0.99 0.57
Mid 0.80 0.85 0.80 0.76 0.85 1.91 0.97 0.98 0.56
82 End 0.66 0.70 0.95 0.60 0.98 3.04 0.99 NA 0.99 0.56
Mid 0.79 0.84 0.84 0.78 0.81 2.03 1.00 0.99 0.56
86 End 0.65 0.69 1.00 0.60 0.97 3.05 0.95 NA 1.00 0.56
Mid 0.79 0.83 0.88 0.80 0.94 1.96 0.96 1.01 0.57
90 End 0.61 0.65 0.82 0.56 1.01 3.16 0.98 NA 0.99 0.55
Mid 0.76 0.80 0.92 0.82 0.90 2.08 1.00 1.00 0.56
94 End 0.60 0.63 0.86 0.56 1.00 3.17 0.94 NA 1.00. 0.55
Mid 0.74 0.77 0.96 0.82 0.88 2.09 0.96 0.98 0.55
. Table 4.19 Limit States Performance Ratios for
Base Case 2 Non-uniform Cross Frame Spacing (7 Cross Frames) Unstiffened Web Girder
Strength I
-
Constructibility Service II Fatigue
Web Segment Flexure Ductility She,ar Web Comp.Flg. Comp.Flg. Lateral Section(B) Tension Connection
Depth Resist. Req'ment Resii&! Slender. Slender. . Bracing Torsion.B. LTB Flange Plate
78 End 0.69 0.74 0.91 0.53 0.93 - 2.88 0.80 0.91 1.00 0.68
Mid 0.80 0.85 080 0.80 0.98 1. 73 ·0.96 0.99 0.56
82 End 0~67 0.71 0.95 0.54 0.88 3.05 0.87 1.00 0.99 0.67
Mid 0.79 0.84 0.84 0.82 0.93 1.84 0.99 1.00 0.56
86 End 0.66 0.70 1.00 0.54 0.87 3.06 0.83 0.96 1.00 0.68
Mid 0.79 0.83 0.88 0.80 0.94 1.74 0.87 1.01 0.57
90 End 0.61 0.65 0.82 OA9 0.84 3.11 0.80 0.92 0.98 0.66
Mid 0.76 0.80 0.92 0.80 0.93 1.75 0.83 0.99 0.56
94 End 0.60 0.63 0.86 OA9 083 3.12 0.77 0.88 0.99 0.66
Mid 0.74 077 0.96 0.80 0.91 1.76 0.80 0.97 0.55
(j)
<D Table 4.20 Limit Stat?s Performance Ratios for
12.0 m Uniform Cross Frame Spacing (6 Cross Frames) Unstiffened Web Girder
Strength I Constructibility Service 11 Fatigue
Web Segment Flexure Ductility Shear Web Comp.Flg. Comp.Flg. Lateral Section(B) Tension Connection
Depth Resist. Req'ment Resist. Slender. Slender. Bracing Torsion.B. LTB Flange Plate
78 End 0.68 0.73 0.91 0.57 0.84 2.94 0.91 NA 0.99 0.57
Mid 0.80 0.85 0.80 0.69 0.95 2.08 0.98 0.97 0.57
82 End 0.66 0.70 0.95 0.60 0.98 3.04 0.99 NA 0.99 0.56
Mid 0.79 0.83 0.84 0.70 0.91 2.19 1.01 0.98 0.56
86 End 0.65 0.69 1.00 0.60 0.97 3.05 0.95 NA 1.00 0.57
Mid 0.78 0.82 0.88 0.70 089 2.19 0.96 1.00 0.57
90 End 0.61 0.65 0.82 0.56 101 3.16 0.98 NA 0.99 0.55
Mid 0.78 0.82 0.92 0.71 085 2.31 1.01 1.01 0.58
94 End 0.60 0.63 0.86 0.56 1.00. 3.17 0.94 NA 1.00 0.55
Mid 0.76 0.79 0.96 0.74 1.00 2.24 0.96 1.00 0.57
,
Table 4.21 Limit States Performance Ratios for
Non-uniform Cross Frame Spacing (4 Cross Frames) Unstiffened Web Girder
-...J
o
Strength I Constructibility Service II Fatigue
Web Segment Flexure Ductility Shear Web Camp. Fig; Comp.Flg. Lateral Section(B) Tension Connection
Depth Resist. Req'ment Resist. Slender. Slender. Bracing Torsion.B. LTB Flange ~Plate
78 End 0.70 0.75 0.91 0.35 0.61 3.24 0.63 0.92 0.98 m89
Mid 0.84 0.89 0.80 0.56 0.78 2.38 0.95 1.01 0.55
82 End 0.68 0.7.3 0.95 0.36 0.59 3.38 0.67 0.98 0.98 0.89
Mid 0.82 0.87 0.84 0.57 0.75 2.49 0.98 1.01 . 0.59
86 End 0.67 0.71 1.00 0.36 0.58 . 3.39 0.64 0.93 0.99 0.89
Mid 0.79 0.83 0.88 0.58 0.74 . 2.49 0.94 0.99 0.57
90 End 0.63 0.67 0.82 . 0.34 0.55 3:57 0.69 1.00 0.98 ~ 0.87
Mid 0.78 0.82 0.92 0.59 0.72 2.61 0.99 1.00 0.57
94 End 0.62 0.65 0.86 0.37 0.74 3.36 0.64 0.93 1.00 0.88
Mid 0.75 0.79 0.96 0.60 0.71 2.61 0.95 0.98 0.56
~
Table 422 Limit States Performance Ratios for
Standard 7.50 m Uniform Cross Frame Spacing (9 Cross Frames) Stiffened Web Girder
Strength I Constructibility Service II Fatigue
Web Segment Flexure Ductility Shear Web Comp.Flg. Comp.Flg. Lateral Section(B) Tension Connection dolD
Depth Resist. Req'ment Resist. Slender. Slender. Bracing Torsion.B. LTB Flange Plate end panel
78 End 0.75 0.79 1.00 1.00 0.91 1.99 0.58 0.84 0.98 0.46 0.68
Mid 0.87 0.91 0.99 0.74 1.50 0.81 1.00 0.59
82 End 0.74 0.78 0.99 0.99 0.89 2.00 0.55 0.80 0.99 0.46 0.65
Mid 0.87 0.91 0.98 0.73 1.51 077 1.01 0.60
86 End 0.73 0.76 0.99 0.99 0.88 2.00 0.54 0.77 1.00 0.46 0.63
Mid 0.84 0.88 0.99 0.72 1.51 0.74 0.99 0.59
90 End 0.70 0.73 0.99 1.00 0.86 2.01 0.52 ~ 0.74 0.98 0.45 0.61
Mid 0.82 0.85 0.99 0.70 1.51 0.70 0.98 0.58
94 End 0.70 0.73 0.98 0.99 0.85 2.01 0.50 0.70 1.00 0.46 0.59
Mid 0.80 0.83 1.00 0.69 1.52 0.68 0.97 0.57
~
--..,J
...... Table 4.23 Limit States Performance Ratios for
857 m Uniform Cross Frame Spacing (8 Cross Frames) Stiffened Web Girder
Strength I Constructibility . Service II Fatigue
Web Segment Flexure Ductility Shear Web Camp. Fig. Comp.Flg. Lateral Section(B) Tension Connection dolD
Depth Resist. Req'ment Resist. Slender Slender. Bracing Torsion.B. LTB Flange Plate end panel
78 End 077 0.81 1.00 0.93 0.98 1.99 0.57 0.86 1.01 0.47 0.68
Mid 0.87 0.91 0.99 0.74 1.72 0.91 1.00 0.59
82 End 0.74 0.78 0.99 0.94 0.96 2.00 0.52 0.82 0.98 0.46 0.65
Mid 0.87 0.91 0.98 0.73 1.72 0.87 1.01 0.60
86 End 0.73 0.76 0.99 0.96 0.91 2.14 0.56 0.92 1.00 0.46 0.63
Mid 0.84 0.88 0.99 0.72 1.73 0.81 0.99 0.59
90 End 0.72 0.75 0.99 0.96 0.90 2.14 0.54 0.88 1.01 0.47 0.61
Mid 0.82 0.85 0.99 0.70 1.73 0.77 0.98 0.58
94 End 070 0.73 0.98 . 0.99 0.85 2.30 0.58 1.00 .1 ..00 0.46 0.59
Mid 0.80 0.83 1.00 0.69 1.73 0.74 0.97 0.57
Table 424 Limit States Performance Ratios for
10.0 m Uniform Cross Frame Spacing (7 Cross Frames) Stiffened Web Girder
Strength I Constructibility SeNice II Fatigue
Web Segment Flexure Ductility Shear Web Comp.Flg. Comp.Flg. Lateral Section(B) Tension Connecfion dolO
Depth Resist. Req'ment Resist. Slender. Slender. Bracing Torsion.B. LTB Flange Plate end panel
78 End 0.76 0.81- 1.00 0.82 0.88 2.04 0.48 0.89 0.99 0.60 0.68
Mid 0.87 0.91 0.99 0.74 2.00 0.98 0.99 0.59
82 End _ 0.75 .0.79 099 0.84 0.84 2.16 0.51 0.96 1.00 0.60 0.65
Mid 0.87 0.91 0.98 0.73 2.01 0.94 1.01 0.60
86 End 0.73 0.76 099 0.85 0.83 2.17 0.48 0.92 0.98 0.59 0.63
Mid 0.84 0.88 0.99 0.73 2.01 0.90 0.99 0.59
90 End 0.72 0.75 0.99 0.87 0.79 2.30 0.52 1.01 1.00 0.60 0.9 1
Mid 0.82 0.85 0.99 0.70 2.02 0.84 (').98 0.5'8
94 End 0.70 0.72 098 ·0.88 0.78 2.31 0.50· 1196 0.98 0.58 0.59
Mid 0.80 0.83 1.00 0.69 2.02 0.80 0.98 0.57
---J
·N Table 425 Limit States Performance Ratios for
Base Case 1 Non-uniform Cross Frame Spacing (7 Cross Frames) Stiffened Web Girder
Strength I Constructibility SeNice II Fatigue
Web Segment Flexure Ductility Shear Web' Comp.Flg. Camp. Fig. Lateral Section(B) Tension Connection dolO
Depth Resist. Req'ment Resist. Slender. Slender. Bracing Torsion.B. LTB Flange Plate end panel
78 End 0.77 0.81 1.00 0.93 0.98 2.79 0.95 NA 1.01 0.60 0.68
Mid 0.87 0.91 0.99 0.74 1.80 0:90 1.00 0.59 .
82 End 0.74 0.78 0.99 0.94 0.96 2.81 0.88 NA 0.98 0.58 0.65
Mid 0.87 0.9.1 0.98 0.73 1.81 0.86 1.01 0.60
86 End 0.73 0.76 0.99 0.96 0.91 2.99 0.99 NA 1.00 0.59 0.63
Mid 0.84 0.88 0.99 0.72 1.81 0.80 0.99 0.59
90 End 0.72 0.75 0.99' 0.96 0.90 3.00 0.95 NA 1.01 0,60 0.61
Mid 0.82 0.85 0.99 0.70 1.82 0.77 0.98 0.58
94 End 0.70 0.73 098 0.96 0..89 3.01 0.91 NA 1.00 0.59 0.59
Mid 0.80 0.83 1.00 0.69 1.82 0.74 0.97 0.57
..
Strength I Constructibility Service II . Fatigue
Web Segment Flexure Ductility Shear Web Comp.Flg. Comp.Flg. Lateral Section(B) Tension Connection dolO
Depth Resist. Req'ment Resist. Slender. Slender. Bracing Torsion.B. LTB Flange Plate end panel
78 End 0.76 0.81 1.00 0.82 0.88 2.86· 0.81 0.95 0.99 0.70 0.68
Mid 0.87 0.91 0.99 0.74 1.60 0.84 1.00 0.59
82 End 0.75 0.79 0:99 0.81 0.87 2.86 0.77 0.90 1.00 0.71 0.65
Mid 0.84 0.88 1.00 0.73 1.61 0.80 0.98 0.58
86 End 0.73 0.76 0.99 0.85 0.83 3.04 0.85 1.00 0.98 0.69 0.63
Mid 0.82 0.85 1.00 0.72 1.61 0.76 0.96 0.57
90 End 0.72 0.75 0.99 0.84 0.82 3.04 0.82 0.96 1.00 0.70 0.61
Mid 0.82 0.85 0.99 0.70 1.61 0.73 . 0.98 0.58
94 End 0.70 0.72 0.98 0.85 0.81 3.05 0.78 0.92 0.98 0.69 0.59
Mid 0.80 0.83 100 0.69 1.62 0.70 0.97 0.57
.
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Table 4.26
Table 4.27
Limit States Performance Ratios for
Base Case 2 Non-uniform Cross Frame Spacing (7 Cross Frames) Stiffened Web Girder
Limit States Performance Ratios for
12.0 m Uniform Cross Frame Spacing (6 Cross Frames) Stiffened Web Girder
Strength I Constructibility Service II Fatigue
Web Segment Flexure Ductility Shear Web Comp.Flg. Comp.Flg. Lateral Section(B) Tension Connection dolO
Depth Resist. Req'ment Resist. Slender. Slender. Bcacing Torsion.B. LTB Flange Plate end panel
78 End 077 0.81 1.00 0.93 0.98 2.79 0.95 NA 1.01 0.60 '0.68
Mid 0.87 0.91 0.90 0.80 2.07 0.96 0.99 0.59
82 End 0.75 0.79 0.99 0.93 0.96 2.80 0.91 NA 1.01 0.60 0.65
Mid 0.86 0.91 0.92 0.77 2.18 0.98 1.00 0.60
86 End 0.72 0.76 0.99 0.'94 0.95 2.81 0.87 NA 0.98 0.58 0.63
Mid 0.84 0.88 0.93 0.75 2.18 0.93 0.99 0.59
90 End 0.71 0.74 0.99 0.96 0.90 3.00 0.99 NA 1.00 0.59 0.61
Mid 0.82 0.85 0.96 0.72 2.30 0.98 0.98 0.58
94 End. 0.70 0.73 0.98 0.96 0.89 3.01. 0.91 NA 1.01 0.59 0.59 .
Mid 0.82 0.85 0.95 0.71 2.30 .. 0.95 1.00 0.59
Table 4.28 Limit States Performance Ratios for
Non-uniform Cross Frame Spacing (4 Cross Frames) Stiffened Web Girder
----J
.t::>.
Strength I Constructibility Service II Fatigue
Web Segment Flexure Ductility Shear Web Camp. Fig Comp.Flg. Lateral Section(B) Tension Connection dolO
Depth Resist. Req'ment Resist. Slender. Slender. Bracing Torsion.B. LTB Flange Plate end panel
78 End 0.78 0.83 1.00 0.53 0.68 3.17 0.63 0.92 1.00 0.63 0.68
Mid 0.88 0.92 0.80 0.87 2.33 0.96 1.00 0.59
82 End 0.76 0.81 0.99 0.55 0.66 3.30 0.67 0.98 0.99 0.62 0.65
Mid 0.87 0.91 0.82 0.84 2.43 0.99 1.00 0.59
86 End 0.75 0.79 0.99 0.55 0.65 3.30 0.64 0.93 0.99 0.62 0.63
Mid 0.86 0.90 0.82 0.82 2.44 0.95 1.01 0.60
90 End 0.73 0.77 0.99 0.57 0.63 3.44 0.69 1.00 1.00 0.62 0.61
Mid 0.83 0.87 0.85 0.79 2.54 0.99 0.99 0.58
94 End 0.72 0.75 0.98 0.57 0.62 3.45 0.66 0.96 1.00 0.62 0.59
Mid 0.83 0.86 0.84 0.78 2.55 0.95 1.00 0.59
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Figure 4.1 9 Cross frames standard case (Uniform spacing)
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Figure 4.2 _8 Cross frame case (Uniform spacing) .
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Figure 4.37 Cross frame case (Uniform spacing)
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Figure 4.4 6 Cross frame case (Uniform spacing)
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Figure 4.5 7 Cross frames base. case 1 (Non-uniform spacing) .
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Figure 4.6 7 Cross frames base case 2 (Non-uniform spacing)
Note: Primary dimensions in meters, secondary dimensions' in feet
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6 Cross frame case (Non-uniform spacing)
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Figure 4.8 -4 Cross frame case (Non-uniform spacing)
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Figure 4.9 Influence of number of cross frames on total girder weight
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5. Finite Element Analysis
5.1 Introduction
Finite element models of monosymmetric steel I-girder steel I-girders
similar to I-girders designed for the prototype were developed. The finite element
models (FEM) were developed and analyzed using the general-purpose
nonlinear finite element analysis (FEA) softwareABAQUS (1998) version 5.8.
The finite element models were used in parametric stud,ies to investigate the
lateral torsional' buckling behavior of monosymmetric I-girders, and to verify
lateral torsional buckling resistance equations used in the design studies
'~ presented in Chapter 4.
This chapter is organized as, follows. Several previous finite element
analysis studies summarized briefly in Section 502. Methods of determining the
buckling behavior by finite element analysis are reviewed in Section 5.3. finite
element models of the monosymmetric I-girders are 'aeveloped 'in' Section 5.4.
, , !
Section" 5.5 discusses the material properties used in tliemodels. The modeUor
the bracing provided by the cross frames in the finite element models (FEM) is
discussed in Section 5.6. Boundary condition's and geometric imperfections are
presented in Sections 5.7 and 5.8, respectively. Then Section 5.9 outlines the
parametric studies that were :conducted.
5.2 Previous Studies
There have been many previous finite element analysis studies 'on the
, .j ,
/ "
lateral ~orsional buckling behavior of monosymmetric I-girders. The studies that
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are most relevant to the present research are studies 'presented by' Kitipornchai
.et ai, (1986). Kitipornchai et al (1986), and Yura et al (1997). Only the study by
Yura et al (1997) is summarized here.
Yura et al (1997) conducted'finite element analyses of buckling of
monosymmetric I-girders subjected to transverse loading applied at different
heights on the cross section. Single-curvature bending was considered. Yura et
al (1997) performed a parametric study using beams with different degrees of
, .
monosymmetry, p. Closely spaced transverse stiffeners were used to prevent
• <: ,
cross-sectional distortion and local web' buckling. The ,stiffeners were spaced ~t
half the girder depth. Eight node shell elements were used for the model., In all
cases studied, the girders were torsionally simply supported (free to warp). '
, .
Moment gradient factors, Cb based on the finite-element results were'
calculated and compared with conv~ntional values given in design specifications
(for example, see Equations 2.7 and 2.8). Both the moment gradient and load
height effect under transverse loading were consid~red. The, Cb factor for
t
monosymmetric I-girders under transverse loading was calculated by dividing the
maximum moment under transverse loading considering moment gradie.nt and
load height""effects by the maximum moment under uniform moment conditions
as follows:
C. - McrMOMENT-GRADIENT
bFEM -
- McrUNIFORM-MOMENT
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Equation 5.1
!
For single-curvature bendlng, the finite element results showed that
conventional vall,Jes of the moment gradient factor, Cb I can. be used to estimate
the· buckling capacity of monosYrnmetric I-girders with 0.1 < P < 0.,9 and
transverse loads applied at mid-height The finite 'element -results demonstrated
that the load height has a significant effect on the buckling capacity. For "beams
with single-curvature bending and intermediate" bracing, the load height effect
can be accounted for by using Cb equal to one.
The study by Yura et al (1997) ~oncluded that the load height is
important only if the point of load application can twist. If the load point is a
., .
braced point (Le., twist is prevented), the height of application of the transverse
load has no effect on the buckling capacity of the girder. If, however the cross
section can twist at the point of load application, loads applied higher on the
cros~ section decrease the buckling capacity relative to the buckling capacity for
loads applied lower on the cross section.
'.5.3 Einite Element Buckling Analysis
General purpose. finite element software, such as ABAQUS, provide
several methods to determine the buckling loads of structures. Two basic types
of analyses can be conducted; linear buckling analyses and nonlinear buckling
analyses. The fini~e element analyses that were conducted in the present
research were mostly linear buckling analyses. A single nonlinear analysis was
conducted as discussed later.
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Linear buckling analyses are conducted by solving the eigenvalue problem
\ v I
given in Equation 5.2. The element stiffness and stability matrices [k], [g] may
be transformed-and assembled to form global 'stiffness and stability matrices [K],
[G], resulting in the following equation
Equation 5.2
in which, [G] is a stability matrix corresponding to a set of loads acting on the
structure, and l\ is a ·Ioad factor. In linear buckiing problems, [K] and[G] are
independent of the load level, l\, In this case Equation 5.2 is ag~neralized linear .
. eigenvalue equation, and the eigenvalues, l\, and the. eigenvectors, [Ll], define.
the buckling loads and buckled shapes.
5.4 Finite Element Models
All the finite element models were simply s~pported 1- girders under
moment gradient, which varies along the longitudinal axis (x). Figure 5.1 shows
. '
the 60 m bridge I-girder, transverse loading, q was applied at three different load
.,
heights, top flang'e loading (y =d), mid-height loading (y =0.5d), and bottom
flange loading (y =0), d is the depth (the center to center distance between the
, '
top and bottom flanges). Consistent nodal loads were used ,in the models. Cross
section A-A shown in Figure. 5.1, defines thf? I-girder dimensions of the finite
element models that are given in Table 5.1, 5.2, and 5.3.
Table 5.1 shows the cross section dimensions of "base case 1" I.:girder
that was used as the basis fo\the models. The cross section dimensions 'of
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model GB I-girder are shown in Table 5.2, which is a modification of "base case
1" to utilize a uniform flange width across the I-girder length. Figure 52a ,shows a
schematic of overall model geometry with two end segments and one mid
segment.
'Based on the GB model, a GBC model, with a constant cross section
along the I-girder length, as shown in Figure 5.2b, 'was developed. The cross
section dimensions of the GBC model are shown in Table 5.3.
The S8R nonlinear shell finite element from the ABAous element library
was used .in this study. S8R is a 8-node doubly curved, thick shell reduced
integration element. The element formulation includes ICirge rotations and small
strains and has six degrees of freedom . (OOF) at each node,
(u x,u y ' uz,q>~, <(Jy ,q>z)·
The mQdels of the I-girders are constructed from a mesh of S8R
>e'lements.The ·span of 60 m [196.85 tt] is divided into 200 equal-Iengt~ elements
with a 309 mm [11.81 in] length. Each flange is divided into four elements across
the width. The top flange elements are 133.35 mm [5.25 in] wide by 300 mm
. [11.81 in] long. The bottom flange elements are 127mm [5.00 in] wide by 300
mm [11.81 in] long. The web is divided into six elements across the depth.
These elements are 336.55 mm [13.25 in] wide by 300 mm [11.81 in] long. The
thickness of each element was the same as the plate thickness given in Tables
5.2.and 5.3
Figure 5.3 shows a finite element mesh with 200x6 elements for the web
and 200x4 elements across the flanges. Full depth stiffeners are incorporated on
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either side of the web in the models at cross frame location. It should be noted
that all the models were based on unstiffened web I-girders.
Each stiffener (used as across frame connection plate) was divided into
two ~Iements across the width by six elements across the depth, the element
. .
size was 133.35 mm [5.25 in] wide by 336.55 mm [13.25 in] long.
5.S Material Prope.fties
The steel material properties used in' the models are the same as those'
used in the design studies. The elastic modulus, .E, is 200,000 MPa (29,000 ksi), ,.
and the poisson's ratio, v, is 0.3, and the yield strength "for-th-e steel,Fy , is 485
MPa (70.ksi). Figure 5.4 shows the material stress-strain relationship used in the
finite element,models.
5.6 Cross Frames Model
The stiffness of the cross frames were calculated 'using an approach
developed by Yura and Helwig (1996) to determine the required cross frame
. stiffness. This stiffness was modeled using discrete springs attached to the FEM
model of the I-girder. The springs were modeled by the ITSUNI element in
ABAQUS. ITSUNI is a unidirectional element, which always acts in a fixed
direction in space.
Figure 5.5 shows across section view of the I-girder at an intermediate
cross frame. ITSUNI elements are present at both the compression and tension
flanges. The stiffness of the springs at the compression, and tension flanges ·differ
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slightly, because of the monosymmetry of the I-girder cross section. Note that at
each intermediate cross frame location both stiffeners (cro?s frame connection
plates) and springs are included in the model.
5.7·Boundary Conditions
Each I-girder FEM· model was simply supported with a roller .boundary at
one end, 'and a pin boundary condition at the other e~d. The roller condition was
obtained by restraining the uy displacement of the node at mi~height the web ":::
displacements of the node at midheight of the web. Both end sections of the 1-
girder are free to rotate about the major and· the minor principal axes, but are
restrained against any lateral displacement, Uz and twist <f>x' Figure 5.6 shows
how the section lateral displacement Uz and twist <f>z were retrained by
restraining uz:at three web nodes at 'the end cross section. Both ends are free to
1J
warp. The section displacement, Uz I and twist, <f>x' are r~strained also at
intermediate cross fram'e locations. At i~termediate cross frame,uz' was
restrained by springs shown in Figure 5.5' 9t both compression and tension
flange tip~ at intermediate' cross frame locations as shown in Figure 5.6.
Figure 5.6a shows a typical cross section of the I-girder at an intermediate
cross frame with flange tip nodes A, C, E, and G where springs are connected to
restrain uz and <f>z. FigurE?s 5.6b and 5.6c show the end cross sections for roller
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\and pin supports, respectively, with we~ nodes B, 0, and F useq to establish
boundary conditions.
5.8 Imperfection '
The FEM models considered in the linear elastic bucklin~ (eigenvalue)
analysis are assumed to be geometrically perfect. Actual I-girders have initial
sweeps and twist, which may reduce the buckling capacity. In the nonlinear
~t' _
inelastic buckling analyses, geometric imperfection was introduced in the model.
.
Maximum nodal displacements anywhere in the model were assumed to be 5mm
[0:2 in] using the imperfection option in ABAQUS.
5.9 Parameter Studies
.The finite element models were used to investigate the effects of four
variables on the elastic and inelastic buckling behavior of monosymmetric 1-
'girders similar to the I-girders designed .in :the design studies. These variables
included: (1) 'the unbracedlengths' (cross frame spacing); (2) variation in cross
section dimensions along the I-girder length (cross section varies between two
end segments and ~ne mid segment compared to constant cross seCtion over
the I-girder length); (3) presence of transverse stiffeners (cross frames
connection plates); and (4) height of load application on cross section.
TIiEqjar~fmetric studies~were' cbffducted~tc'-aevelopabetfer understanding
of the effects oft~e variables on lateral torsional buckling behayior.
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I-girder designs for the prototype bridge under several different cross
, frame arrangements were presented in Chapter 4. Figure- 5.7b shows the crass
frame arrangements used in the finite element models. The CF7 model, with
seven cross frames spaced unequally, is based on the cross fram~ arrangem~nt
used in "base case 1" in the design studies described in Chapter 4. The CF5
model, with five cross frames with variable spacing was derived from GF7 by
eliminating two cross frames. Model CF3 has three cross frames, (two en~ cross
frames,and one at mid span). Model CF2 has two end cross frames. Figure 5.7c
shows model CF6 with six cross frames spaced equally at 12 m [39.36 tt].
At each intermediate cross frame in model CF2 through CF7, the
stiffeners and springs shown in Figure 5.5 and discUssed previo~sly were
included in the models. At each end cross frame, only the stiffeners were
included because the boundary conditions ~ompletely restrained lateral
displacements Uz and the springs were unnecessary.
. "
These six different models were studied with the cross frame s'pacing
'. ,_ I
varying ~r6m ,60. to 9' 'm, to see how 'increasing or decreasing the cross' frani6
spaCing infl~enc_es the lateral torsio~al buckling resistance of a bridge.l-girder.
,In order to investigate the effect of the transverse 'stiffeners on the lateral
torsional buckling capacity, vyhen the unbraced length is large, ' several
configurations of stiffeners were studied. Figure 5.7a shows the different stiffener
, l ,
arrangements considered in models STO through ST7. For these models, the
cross frame arrangements of model CF2 (end cross frames only) was used. Note
that for model'STO the stiffeners at the ends were removed.
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Tabl~ 5.1 Cross section dimensions of ','base case 111 I-girder .
Segment Length (tt) Ttf (in) Btf (in) ,Tbf (in) Bbf(in) Ow (in) Tw (in)
End 39.36 1.00 19 '0.88 17 78 0.75
Middle 118.11 1.25 ,21 1.75 20 78 0.69
Table 5.2 Cross section dimensions of model (GB) I-girder
Segment Length (tt) Ttf (in) Btf (in) Tbf (in) Bbf (in)' Ow (in) Tw (in)
End 39.36 1.00 21 0.75 20 , 78 0.75
Middle 118.11 1.25 21 1.7'5 20 78 0.69
Table 5.3 Cross section dimensions of model (GBC) I-girder
Segment Length (tt) Ttf (in) Btf (in) Tbf (in) Bbf (in) Ow (in) Tw (in)
End 39.361.25 21 1.75 20 78 0.75
Middle 118.11 1.25 21 1.75 ~ ,20 78 0.75
- - ~ -.~~-
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6. Finite Element Analysis Results
6.1 Introduction
Buckling analyses of the finite element methods (FEM) models were
conducted. The resUlts of these analysesa:nd comparisons of these results with
results from the buckling equations. used in design studies are presented in this
chapter. Results of the FEM analyses illustrating the effects of cross frame
spacing, I-girder rigidities, load height; transverse stiffeners, end restraints, and
bending moment variation on lateral torsional buckling capacities are also
discussed in this chapter..
. "
This chapter is organized as follows. The buckling behavior of the FEM
models and the effect of cross-section distortion on lateral torsional buckling of
the models is discussed in Section 6.2. Comparisons the lateral torsional
buckling capacities' of the FEM models with the results from lateral torsional
bucklin.g moment equations are'presented in Section 6.3. Then a brief study of
. the inelastic lateral torsional buckling of a monosymmetric I-girder subjected to
moment gradient is presented in Section 6.4.· Section 6.5 presents a summary
--:-'-------a.....I.......Ild-coneltisfel1s4r-effi-tfle-F-~alyses...-. -'-- _
6.2 Buckling Behavior
As discussed in Chapter 2, the buckling modes of I-girders subjected to
bending are: (1) lateral torsional buckling (LTB); (2) local buckling (LB); and (3)
lateral distortional buckling (LOB). The buckling modes (deform~tion modes)
obtained from analyses of the FEM models include all the three buckling modes.
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\Table 6.1 lists the buckling modes at different locations along the I-girder
length. Section 1 is at the centerline Of the mid segment, section 2 is 4.5 m the
centerline of the mid segment, and section 3'is at 6 m from the end of the I-girder
(i.e., at the midd.le of end segment). It is important to point o.ut that the buckling
mode shown for all FEM'modelsis the first (the lowest) eigenmode.
The CF2' model has no intermediate crossframes,and the unbraced
length is 60 m (Table 6.1). The buckling mode is a LTB mode without cross
section distortion as shown in Figure 6.1. The CF3 model (Figure 6.2) has one
intermediate cross .frame, and the unbraced length is 30 m. Figure 6.3' shows
. .
CF5 model, which has three intermediate cross frames. The outer unbraced
lengths are 12 m and the inner unbraced lengths are 18 m. Figure 6.4 shows
CF6 model, which has 4 intermediate cross frames. The unbraced lengths are 12
m. Model.9F7 (the elastic case) is 'Shown in Figure 6.5. For model CF7; the
"1
buckling mode is a LB mode at section 2.
The FEM models shows that, for tong unbraced I~ngths, the buckli.ng
mode is a LTB mode, with little cross section distortion as shown in Figure 6.1.
For intermediateunbraced lengths, the buckling mode is a LOB mode in which
the web distorts, as shown in Figures 6.2 to 6.4. For short unbraced lengths, the
buckling mode is a LB mode as shown in Figure 6.5.
6.3 Finite Element Results
This section provides the buckling "Doment capacities of the FEM models..
The buckling moment from the FEM models is based on first eigenvalue (the
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buckling mode is based on first eigenmode as discussed in the previous section).
Table 6.2 shows the buckling moment capacities for the FEM models. The.
results show that the GB models have smaller moment capacities than the GBC
models: The difference in moment capacities results from the two end segments
of the GB models, which have cross section dimensions smaller than the cross
section dimensions of the mid segment. Table 6.2 shows the moment capacities
increase when the unbraced length decreases. For example for the GBC models, .
the moment capacity increases from 1140 kN-m (CF2 model) to 17989 kN-m
(CF7 model). The buckling moment capacity increases as the point of load
application moves below the shear center. Table 6.2 shows the results of
moment capacities for bottom flange loading (BFL) are greater than those for top ..
flange loading (TFL). The GB models were analyzed only for .midheight loading
(MHL).
The buckling moment capacities of the FEM models are compared with
. , .
the critical buckling moment given' by the design'equations, which inclu.de the
moment gradient, Cb, factor. Equation 2.8 was used to calculate the Cb factor
as described in Chapter 2. The Cb.1:values for models CF2 toCFTarelisted in
Table 6.2.
6.3.1 Effect of End Restraint of an Unbraced Length
The results for model CF5 (Figure 6.3) witli unequal· intermediate cross
frame spacing were investigated to observe, the influence of less critical unbraced
segments on adjacent unbraced segments. For this model the longest unbraced
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segment (18 m) controls' the critical buckling'moment. The buckling moment for
the FEM model is '8595 kN-m,and the corresponding AASHTO LRFD moment is
6033 kN-m. The AASHTO 'equation (Equation '3.10) assumes that the lateral
bending and warping boundary conditions at each end of the unbraced segment
correspond to simply supported conditions. However in the FEM model, the
lateral bending and warping are constrained by the shorter adjacent unbraced
segment. Accounting for the end restra~ntofthe :?djacent segments on the critical
segment can, substantially increase the buckling moment capacity but this is
usually ignored in design.
6.3.2 Effect ofLoad Height on Buckling M~mentCapacity
. . '- .
The FEM model results in Table 6,2 show that the height of load
application on thecross ~e6tiCm has a ~ignificant effeCt on the'buckling,moment
capacity. Model CF2 buckl~d at a critical moment, Mer of 922 kN-m in case of
top flange loading (TFL), while Mer in case of boJtom flange.loading (BFL) was
1406 kN-m (an approximately 52% increase). Thus, the buckling morrieQt
'capacity increases as the pOInt of load application moves below the shear center.
As the number of cross frames increases, the difference in critical moment
between top flange loading and bottom flange loading decreases.
For example, for model CF7, the increase in moment capacity for bottom
, '
flange loading (Mer =21233 kN-m) compared to top flange loading (Mer =20939
99
kN-m) was only 1.4%. As discussed in Chapter 2, closely spaced bracing from
intermediate cross frames reduces the load height effect.
6.3.3 Effect ofTransverse Stiffeners on Buckling Moment Capacity
Table '6.3sh'ows the effect of transverse stiffener's on the lateral torsional
.. ";)
buckling (LTB) capacity of an I~girder. Model STO has no intermediate transverse
stiffeners. The bU~kling mom'ent capacity is ,1093 kN-m for mid height loading.
.When the number of intermediatei stiffeners is increased to 7in ST7 'model, the
moment capacity increases to 1819 kN-m. The results show' that t,he LTB
capacity increases as the number of int,ermediate transverse stiffeners increases.
This may be a result of the stiffeners ,inducting flange-restraining moments that
reduce warping deformations.
. . . .
6~3.4 Comparis'on of Results from FEMModeis and Design Equations
Figure 6.6 compares the results from the FEM models for different load,
heights and the AASHTO LRFD design equationstEquations 3.8,3.9, and 3.10) .
. 'The FEM model buckling moment capacities compare well with the results from
the AASHTO'LRFD equations only, at shortest unbraced lengths, as shown in
Figure 6.7, and Table 6.2. For longer unbraced lengths, the buckling moment
capacities from the FEM models exceed the results. from the AASHTO LRFD
equations. The reason for this is as follows. The AASHTO LRFD and AISC LRFD
design equations neglect the St. Venant t~rsional stiffness, GJ, when calculating
. the' lateral torsional moment capacity for I-girders with slender webs, as···
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discussed in Chapter 3. Figure 6.7 shows comparison between the re.sults from
. FEM models, AASHTO LRFD, and AISC LRFD. desigD equations, and the
theoretical equation (Equation 2.6). The results show that results from the FEM
models are in agreement with results from the theoretical equation for the
shortest unbraced length. For longer unbraced length, the. AASHTO LRFD
equation is conservative by neglecting the GJ factor.
6.4 Inelastic B.uckling .
. ..
.The CF7 model (7 cross frame. arrangement case)analyzedtwice for both
linear elastic buckling and nonlinear inelastic buckling, linear elastic buckling
analysis (eigenvalue analysis) was conducted first (with Fy = 897 MPa [130 ksi]
to mai~tain the material elastic). The results of this analysis. was compared. to
elastic buckling equations.
The nonlinear inelastic buckling was conducted using the automatic
modified Riks so'lution method in ABAQUS. Initial Qeometric imperfectibns were'
introduced into the finite element model as described in Chapter 5. Figure 6.8
shows a lateral distortional buckiing mode occurs at section 2.
The static analysis results show part of top flange and the web has
yielded. The analysis results exhibited two types of interaction occur between the
web and compression flange. First, as thE;) web distortion increases, the web
carries less longitudinal bending stresses than expected from the beam th~ory.
As the web sheds (Le., redistributes) bending stresses, the neutral axis drops,
. and the bending strains in the compres~ion Nange increase. Shedding of bending
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stresses from the web cause the compression flange to yield prematurely.
Second, the compression flange partially restrains the distortion of the ,web.
Yielding of the compression flange reduces the restraint provided to the web, and
the web distortion increases. As the web distortion increases, the web sheds
more' stress into the compression flange.' As a result of these interactions, local
. ". . .
flange distortion tends to be the greatest at locations whE?re web distortion is',
greatest. Figure -6.9 shows the load versus midspan .deflection for the ·CF7
model. Midspan moment versus average end rotation is shown in Figure 6.10.
,
6.5 Finite Element Analysis Results Summary and Conclusions
,The purpose of the finite' element study is to investigate the lateral
torsional buckling behavior of I-girders and to verify the equations used to
calculate Ia,teral torsional buckling moment capacities in the design studies. The
I
. - -'"
effects of transverse stiffeners, load height, and interaction between adjacent
unbraced segments were al~o studied.
Two types of FEM model$ were us~d in the analysis. The GBC models
have constant cross section along the I-girder length. The GB models, have two
end segment cross sections and one mid segment cross section that differ. Other
models were analyzed to study the effects of cross frame spacing, the presence
of stiffeners, and load height on the lateral torsional buckling gehavior. The study
, ,considered elast,ic and inelastic buckling.
A
Several conclusions were drawn from the analyses. Finite element models
"
can adequately simulate the lateral torsional buckling behavior of I-girders. Finite
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element analysis results were compared to the results obtained from AASHTO
LRFD, AISC LRFD design equations, and theoretical equation. The finite element
results compared well with the results from the theoretical equation. The -results
obtained from AASHTO LRFD and AISC LRFD design equations were
conservative compared to FEM results. The presence of transverse stiffeners
increases the b~ckling moment capacity. The FEM results show that the height of
load application on the cross section has a significant effect on the buckling
moment capacity. The buckling moment capacity increases as the point of load
application moves below the shear center. Closely spaced bracing from
intermediate cross frames reduces the load height effect.
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Table 6.1 Buckling Modes
Model Unbraced Figure Geometry Buckling Fy Buckling Mode"s
Length(m.) Analysis (MPa) section 1 section 2 section 3
CF2 60 6.1 Perfect linear elastic 485 LTB LTB
CF3 30 6.2 Perfect linear elastic 485 LOB LOB
CF5 18 6.3 Perfect linear elastic 485 LOB LOB
CF6 12 6.4 Perfect linear elastic 485 LOB LOB
CF7 9 6.5 Perfect linear elastic 897 LB
CF7 9 6.6 Imperfection nonlinear elastic 485 LOB LOB
LTB =lateral Torsional Buckling
LTD = Lateral Distortional Buckling
LB = Local Buckling
Table 6.2 Comparisons of FEM Models Results and Design Studies Equations
Critical Moment Mcr (kN-m) Cb BUCKLING Fy
Model Finite Element Models THEORETICAL AASHTO AISC FACTOR MODE (MPa)
GB GBC Solution LRFO LRFO
MHL TFL MHL BFL
CF2 900 922 1140 1406 1160 511 447 1.13 ELASTIC 485
CF3 3017 3056 3373 3701 3332 2353 2056 1.30 ELASTIC 485
CF5 8187 8287 8595 8887 7006 6033 5271 1.20 ELASTIC 485
CF6 14306 14577 14837 15097 12102 11605 11034 1,00 ELASTIC 485
*CF7 21165 20939 21165 21233 21682 20919 17758 1.04 ELASTIC 897
CF7 17865 17989 18261 Approximate 17687 14659 ~ 1.04 INELASTIC 485
* Fy = 897 MPa [130 ksi], all other cases are 485 MPa [70 ksi].
1 kip = 4.45 kN.
1 kip-ft = 1.356 kN-m.
Table 6.3 Results of FEM Models (Transverse Stiffener Effect)
Critical Moment Mcr (kN-m)
Model Loading Height
c.
Top Flange Mid Height Bottom Flange
STO 875
..
1093 1353
...._..•---_ ....
'''.¥''--
ST2 922 1140 1406
ST3 1158 1383 1650
ST5 1297 1521 1784
ST7 1592 1819 2081
1kip-ft = 1.356 kN-m.
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Figure 6.1 Buckling deformation of FEM model CF2 .
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Figure 6.2 Buckling deformation of FEM model CF3
( c ) Section 3 .( d ) Section
2
. . .
3(a) Isometric
(b) Plan view
2
I.
,-.
( c ) Section 2 . (d ) Section 3
Figure 6.3 Buckling deformation of FEM model CF5
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(a) Isometric
1
I
'( b) Plan view
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(.c) Section 1 ( d ) Section 3
.Figure 6.4 Buckling deformation of FEM model CF6
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( c) Section 2
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( a )Isometr~ic~lllllll~
2
I
( b ) Plan view
( d ) Section 3
-,
Figure 6.5 Buckling deformation of FEM model CF7
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( c )Section 2
( a ) Isometric
2 -1
( b ) Elevation view
( d ) Section 1 ( e ) Section 3
Figure 6.6 Deflected shape of FEM model CF7 (Inelastic Buckling)
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7. Summary and Conclusions
7.1 Summary
The objectives of this research were: (1) to examine the effects of spacing
and arrangement of cross frames on the economy (minimum weight) of HPS 1-
\..
girder bridges; (2) to investigate lateral torsional buckling (LTB) behavior of
composite I-girder bridges under construction conditions before the concrete
deck cures; and (3) to study the effects of load height, bending moment variation,
and transverse stiffeners on the LTB capacity of HPS I-girders.
A series of design studies were conducted focusing on a prototype single·
span simply-supported composite steel I-girder bridge. 'The bridge span is 60 m
(196.85 ft). The I-girders were designed using HPS 70W· steel according to
AASHTO LRFD Bridge Design Specifications (AASHTO 1998). The I-girder
- .
design considered -strength, service, construction, and fatigue limit states. The
weight of the I-girders was determined for different variations of the spacing and
. ,
.
arrangement of cross frames.
Finite-elemeht -models were developed to verify the equations'(formulas)
used in the design studies to calculate th~ LTB capacities and to analyze the LTB
~"
behavior of the I-girders under uniform loading" simulating construction
~
conditions.
The LTB capacities determined from the finite element models and
capacities determ"ined from lateral torsional. buckling:equations used in the
design are made. In particular; the results from the FEM models are compared '
• l' '
..
" ,~ .
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with results fI9m: (1) AASHTO LRFD design equations; (2) AISC LRFD design
equations; and (3) a theoretical equation.
Chapter 1 of this thesis produced a brief introduction of the research.
Background on the lateral torsional buckling of bridgel-girders~'is reviewed in
Chapter 2. Chapter 3 reviews background for .the. design. studies,including the
prototype bridge, the design and analysis approach, the loading conditions,
considered in the design studies, and relevant AASHTO design eq.!:!?tions.
Chapter 4 presents the design studies of the influence of the arrangement of
cross frames on the design of the prototype bridge. Eight cross frame
arrangements were considered, including a standard case represents the
maxjmum cross frame spacing permitted in" the AASHTO Standard Specification
for Highway Bridges (1989). Chapter 5 discusses the development of finit~
element models to simulate lateral torsional' buckling behavior of I-girders.
Chapter 6 provides finite element analysis results and compares these results
with the results from buckling equations used in the design studies.
7.2 Conclusions
The main conclusions of the design study are as follows:
! '
(1) The total 'I-girder weight of the prototype bridge increases as the number of
cross frames decreases.
(2) A conventional Intermediate cross frame spacil)g of 7.62 m (25 ft) by
I , '
AASHTO Standard Specification for Highway Bridges '(1989) can b~
increased t09 m (29.52 ft) without any increase in total I-girder weight, and; I
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up to 10m (32.81 ft) with only a, 3% increase in total I-girderweight. As the
cross frame spacing increases further, more significant increases in I-girder
weight occurs. The increase in weight" occurs because the lateral-torsional
. buckling limit state begins to influence the design of the I-girders for
construction conditions.
(3) Under construction conditions, the lateral torsional buckling limit state may
significantly affect the top flange dimensions when cross frames are spaced
greater than 12 m (39.36 ft).
(4}'~R\. arrangement of cross frames with larger spacing between the first
- ..... ::~:....:.--
intermediate an.d the end cross frame leads to lighter -weight I-g,jrders
because this arrangement explbits·'ttl~~"",momehtgradient effect.
_.,~,~< .
. ' '--""'''''':''''::::'-
(5) The use of transverse stiffeners influences the weight of I-girders.
Conclusions drawn from the finite, element models are as follows: '
(1) Finite element method (FEM) models can b~ used to predict lateral torsional
buckling (LT8) of high performance steel (HPS) I-girders, the results compare
favorably with theoretical solution.
(2) The AASHTO LR~D spe.<:;ifications are conservative in estimating' the LT8
capacity of I-girders by ignoring the interaction between adjacent segments
and assuming each unbraced segment is ,laterally and torsionally simply- ,
supported.
(3) The AASHTO LRFD specifications are conservative in estimating the LT8
capacity of I-girders with slender webs. The FEM models show higher val~es
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of LT8 capacity, particularly whem the $1. Venant torsional resistance may be
important as unq.racedlength increases.
(4) The use of transverse stiffeners increases the lateral torsional buckling (LT8)
capacity of I-girders, by increasing the warping torsional resistance.
(5) The presence of cross frames reduces the effect of load heig~~ on I-girders.
(6) The height of load application on the cross section has a significant effect on
~
the buckling moment capacity. The buckling moment capacity increas~s as
the point of load application moves below the shear center. Closely spaced
bracing 'from intermediate cross frames reduces the load height effect.
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